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Rapid depletion of fossil fuel stock with a simultaneous rise in 
greenhouse gas emissions has led to an increase in the need for alternative 
energy. Cellulose based biofuels, especially bioethanol is a form of alternative 
energy that has the potential to replace petrol. The first step in cellulosic 
bioethanol production is the release of fermentable sugars via pre-treatment. 
Conventionally, physico-chemical and biological pre-treatment methods are 
energy intensive, environmentally unfavourable and expensive. This study, 
however reports on the use of a less energy consuming, cheap and 
environmental friendly alternative; photocatalysis, to produce fermentable 
sugars from cellulose. To achieve this, a range of photocatalysts were first 
screened based on their OH radical production rates using coumarin as a 
probe. TiO2 P25 was the photocatalyst that was found to have the highest OH 
radical production rate of 35.6 µM/hr, followed by Pt-C3N4 (0.88 µM/hr) and 
WO3 (0.28 µM/hr). LaCr-SrTiO3, Cr-SrTiO3 and yellow TiO2 did not produce 
any OH radicals due to their unsuitable electronic structure. P25 was further 
used for photocatalytic fermentable sugar production from cellulose. 
Photocatalytic cellulose I breakdown produced 0.04 % fermentable sugars 
whereas, with cellulose II feedstock the yield increased to 0.2 %. To further 
improve the yield, membrane bags were deployed which improved the sugar 
yields to 0.43 % and 0.71 % respectively from cellulose and cellulose II 
feedstocks. Photonic efficiencies followed the same trends as the sugar yields. 
Engineering design was further opted to enhance the sugar yields and hence 
a stacked frame photocatalytic reactor (SFPR) was designed. Various mixer 
vi 
 
configurations were designed and their mixing regime was determined using 
COMSOL Multiphysics 5.1 simulations. Amongst the mixers simulated, an 8-
blade Rushton impeller was found to be the best configuration due its superior 
radial mixing profile and higher fluid velocity. The SFPR was then fabricated 
and operated with the impeller or a plus shaped magnetic bar as the mixer 
and the sugar yields were determined. Highest sugar yield and photonic 
efficiency was obtained from the cellulose II-impeller setup and was calculated 
to be 2.61 % and 9.45 % respectively. Respective lowest yields were obtained 
with cellulose I-stirrer bar setup and calculated to be 1.71 % and 5.64 %. 
Furthermore, the effect of H2O2 on fermentable sugar production was also 
tested. The cellulose II-stirrer bar configuration yielded 3.15 % fermentable 
sugars with the addition of 0.01 wt% H2O2 to the reaction mixture. The yield 
improved significantly to 14.1 % when the concentration of H2O2 was 
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Chapter 1: Introduction 
 
1.1 Global energy scenario and the need for alternative energy 
Enhanced global utilisation of the existing fossil fuel stock along with 
the simultaneous increase in greenhouse gas emissions due to increasing 
anthropogenic activities has been continuously debated. Additionally, global 
politics also influences the movement of fossil fuel stocks. It was assessed 
around two decades ago that the seriousness of fossil fuel depletion will be 
experienced by the start of 2030 (1). Furthermore, the International Energy 
Agency’s (IEA), World Energy Outlook report from 2013 estimated that, 
globally for the fossil fuel dependence to drop from the present 82 % to 76 % 
by 2035, up to 18 % of the total consumed energy has to be supplied from 
renewable energy resources (2). Therefore, there is a need to increase the 
possibility of alternative energy production and accordingly, investments are 
now being made globally to expand the possibilities of alternative energy 
(Figure 1.1).  
 
Sustainable development in the field of energy production has been 
continuously expanding over the past few years. Sustainable development 
according to Brundtland commission’s report submitted to the United Nations 
quotes “Meeting the needs of the present without compromising the needs for 
the future” (3). Such sustainable renewable energy production could be 
achieved by the production of biofuels mediated by photocatalysis from 




Figure 1.1: Cumulative investment in renewables-based power generation, 
2013-2035 (2), where OECD stands for Organisation for Economic Co-
operation and Development, reproduced with permission. © OECD/IEA 2013 
World Energy Outlook, IEA Publishing. Licence: www.iea.org/t&c. 
 
1.2 Current alternative energy sources 
There are a lot of energy sources proving to be competent alternatives 
to fossil fuels, including biodiesel, bio alcohols (such as bioethanol and bio 
butanol), (bio) hydrogen, biogas, electricity produced from solar and wind 
farms, geothermal and tidal energy (4). Considering the possibilities 
mentioned above, biodiesel and bio alcohols are potential substitutes for 
current transportation fuels. Feedstocks essential to produce biodiesel include 
algae, waste vegetable oils, animal fats, palm oil and non-edible oils (5). The 
feedstock required to produce bio alcohols could be classified into two 
generations; first generation feedstock including food crops such as 
sugarcane and corn and second generation including ligno-cellulosic materials 
and cellulosic wastes (6,7).  
 
1.2.1 Cellulose and cellulosic wastes 
Second generation bio alcohol production focussed entirely on 
cellulose and cellulosic wastes for the fact that cellulose is one of the most 
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abundant naturally available organic materials on earth (8). Shown below in 
Table 1.1 is the cellulose content of various potential biofuel feedstock 
materials. All the feedstock detailed in Table 1.1 have varying amounts of 
lignin in them. Lignin is an aromatic hydrophobic compound which forms 
interlinking complexes with cellulose and reduces freely available cellulose, 
hence giving plants their structural stability (9). It is expensive, both from an 
energy and cost point of view to breakdown lignin and release cellulose. This 
would subsequently have to be followed by cellulose degradation to release 
fermentable sugars for biofuel production. In order to utilise cellulose to the 
fullest extent it is better to use freely available cellulose in the form of 
processed cellulose waste rather than lignocelluloses as the latter is 
interlocked between strands of lignin.  
 
Material 
% cellulose content 
(w/w) 
Reference 
Green algae 20-40 
(10) 
Cotton, flax, etc. 80-95 
Grasses 25-40 
Hardwoods 45±2 
Hardwood barks 22-40 
Softwoods 18-38 
Softwood barks 42±2 
Corn stalks 39-47 
Wheat straw 37-41 
Newspapers 40-55 
Chemical pulps 60-80 
Rice straw 46.5±1.5 (11) 
Wheat straw 35-37 (12) 
Rice husk 25-35 (13) 
Bagasse 32-43 
(14) 
Coconut coir 59 




1.3 Structure of cellulose 
Cellulose is an amphiphillic homopolysaccharide compound (15). 
Individual β-D-glucose units joined by (1-4)-glycosidic bond as well as 
intermolecular and intramolecular hydrogen bonds give rise to a rigid cellulose 
structure (16). Cellulose molecules have both disordered amorphous and 
highly ordered crystalline regions along its chain (17). The structure of 
cellulose with chair confirmation and equatorial orientation of the glucose 
molecules, the β-(1-4)-glycosidic bond and the intramolecular and 
intermolecular hydrogen bonds, represented by the green dotted lines, is 
shown in Figure 1.2. 
 
 
Figure 1.2: Structure of cellulose. 
 
In nature, cellulose exists in its native form in higher plants as cellulose 
Iβ, however in some cases native cellulose Iα is produced by microbes. 
Although cellulose Iα and Iβ have parallel strands of cellulose, they differ in 
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their lattice arrangement with the former exhibiting triclinic arrangement and 
the latter having a monoclinic structure. In addition to the native polymorphs, 
cellulose can exist in different polymorphs as a result of physico-chemical 
treatments (18) (Figure 1.3). Cellulose II or regenerated cellulose (RC) can be 
produced from both cellulose Iα or Iβ via alkali treatment (mercerisation) or 
solubilising and recrystallizing (regeneration) respectively. In a few rare 
instances, naturally occurring cellulose II has been isolated from bacterial 
cultures (18-20). Unlike cellulose I, cellulose II has an antiparallel strand 
arrangement and monoclinic lattice arrangement. Another polymorph, 
cellulose IIII and IIIII can be reversibly produced from cellulose I and II via NH3 
respectively. This polymorph exhibits parallel strand arrangement and 
monoclinic crystal structure (21). When these cellulose IIII and IIIII materials 
are heat treated, cellulose IVI and IVII are formed. 
 
 
Figure 1.3: Cellulose polymorphs. 
6 
 
An in-depth understanding of the polymorph’s characteristics is 
necessary for determining its end use. MCC (microcrystalline cellulose) is the 
naturally abundant cellulose whereas, RC is the most commonly used man 
made cellulose and for these reasons there is abundant information in the 
literature regarding the characterisation of these polymorphs (16-18,22). Of all 
the characterisation, the hydrogen bonding interactions play a governing role 
in the supramolecular structure of these polymorphs. The hydrogen bonding 
networks for cellulose I and II are shown along the a-c axis in Figure 1.4. As 
can be seen, the difference in hydrogen bonding between the two polymorphs 
is due to the irreversible transformation of cellulose I to cellulose II, thereby 
the latter forming anti-parallel chains affecting the hydrogen bonding patterns. 
 
 
Figure 1.4: Hydrogen bonding in cellulose I and II, reprinted with permission 
from “John Wiley and Sons, Copyright 1998” (22). 
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The intermolecular hydrogen bonding is more complicated in cellulose 
II than MCC due to its antiparallel chain arrangement. For instance, in 
cellulose I, the O6-H-O3 intermolecular hydrogen bond is formed parallel to 
the a-axis as a result of trans-gauche (tg) conformation of the –CH2OH group. 
Whereas in cellulose II, the anti-parallel chains which has the –CH2OH group 
in the gauche-trans (gt) conformation forms two intermolecular hydrogen 
bonds, namely O6-H-O3 and OH6-O2’ (22). The gt and tg conformations of 
the –CH2OH group not only determine the hydrogen bonding in the cellulose 
polymorphs but also the fate of chemical reactivity with various radical species 
and chemical compounds.  In addition to the hydrogen bonds, glycosidic 
bonds are formed between the C1 of a glucose monomer and C4 of the 
subsequent monomer. During the transformation from cellulose I to II, it’s the 
hydrogen bonding network that is reorganised whereas the glycosidic linkages 
remain unaffected. These glycosidic bonds need to be broken down in the 
cellulose polymorphs to gain access to the individual glucose monomers. For 
the efficient release of glucose monomers and other homo-oligosaacharides, 
the most easily digestible polymorph of cellulose has to be the starting material 
for sugar production and hence cellulose II has been considered as a better 
raw material than cellulose I due to the rearrangement in its supramolecular 
structure (23,24). 
 
1.4 Releasing fermentable sugars 
To facilitate bio alcohol production, fermentable sugars have to be 
released from cellulose. The procedure to breakdown cellulose, otherwise 
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known as a pre-treatment process, should fulfil the following requirements 
(16);  
(i) Enable fermentable sugar release 
(ii) Minimal loss of fermentable sugars 
(iii) Minimal or no undesirable product formation 
(iv) Cost effective 
(v) Feasible scalability 
(vi) Energy efficiency  
 
Based on these factors there have been a lot of methods developed to 
pre-treat cellulose. The most frequently used method is steam explosion with 
dilute acid. During this process, the biomass is treated with high temperature 
and high pressure steam followed by a swift pressure decrease which releases 
the desired sugars. Although this is the preferred method, it has a few 
drawbacks including loss of fermentable sugars due to degradation and 
formation of undesirable inhibitory by-products (25). Additional methods of 
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Higher yield of 
monosaccharides 
Toxic and corrosive, cost 
involved in acid recovery 
to make the process 
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adjustment is required 
Alkaline 
hydrolysis 
Works well to 
remove lignin and 
hemicellulose 
Salt formation and 
downstream pH 







Slow rate of hydrolysis 
Enzymatic Cellulases 
High specificity for 
cellulose 
Large quantity of enzyme 
required, expensive 
Table 1.2: Cellulose pre-treatment methods (25). 
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1.5 Ionic liquids and onium hydroxides 
Apart from directly releasing fermentable sugars from cellulose using 
the harsh methods mentioned above, MCC can be converted to a relatively 
easily digestible cellulose II form using molten salts or other organic solvents. 
These are either ionic liquids or aqueous organic solvents such as onium 
hydroxides. MCC could be completely dissolved in these non-derivatising 
solvents and precipitated out as cellulose II by mixing with suitable anti-
solvents such as water, ethanol, methanol or acetone (26-28). 
 
Ionic liquids are molten salts with melting points lower than 100 OC. 
Most common ionic liquids to date are air and moisture stable imidazolium 
based salts (29). Currently, ionic liquids are of prime interest due to their 
versatility as solvents in various applications. They are highly flexible as a 
number of cation and anion combinations can be fabricated based on the 
potential end use of the solvent. Methylimidazolium and methylpyridinium 
based cations, and chloride, acetate and formate anions are the most 
commonly used species for designing cellulose dissolving ionic liquids (28), 
however, other anions such as SCN, BF4, PF6 and many more have been 
used (27-29). It is believed that the OH groups of the neighbouring C6 and C3 
cellulose chains form an electron donor-acceptor complex with ionic liquids to 
result in the dissolution of cellulose (28). Despite the high versatility for 
fabrication, its high viscosity, negligible vapour pressure, inability to dissolve 
wet cellulose and the requirement of temperatures higher than room 




To overcome this drawback, aqueous organic solvents such as onium 
hydroxides could be used to dissolve cellulose. Examples of onium hydroxides 
are Tetra-n-butylphosphonium hydroxide (TBPH) and tetra-n-butylammonium 
hydroxide (TBAH). These solvents primarily have a similar cellulose 
dissolution mechanism to ionic liquids (26), however operate at room 
temperature, making it a more energy favourable solvent.  Furthermore, since 
onium hydroxides are available as aqueous solutions, they are comparatively 
less viscous than ionic liquids and can dissolve high concentrations of 
cellulose (up to 20 wt%) (26). Additionally, it has been reported that, onium 
hydroxides with a water content of 30–50 wt% can completely dissolve 
cellulose at room temperature (26). 
 
1.6 Breakdown mechanism of cellulose and similar model 
compounds 
Cellulose (native and regenerated forms) has to be broken down into 
fermentable sugars so that it can be further fermented to produce biofuels. All 
the known cellulose degradation mechanisms involve the attack of OH radicals 
on the cellulose molecule to produce fermentable sugars. The breakdown 
mechanisms of various cellulose, cellulose derivatives and similar compounds 
focusing on fermentable sugar release, apart from the methods mentioned in 
Table 1.2 are discussed in the following sections. 
 
1.6.1 Polysaccharide degradation by cellobiose dehydrogenase 
Cellobiose dehydrogenase (CDH) is an enzyme that binds specifically 
to a single cellulose chain to cleave the glycosidic bonds. The mechanism of 
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cellulose breakdown by CDH proceeds via a Fenton’s reaction where OH 
radicals are produced locally at the site of cleavage. 
 
Figure 1.5 shows the detailed mechanism of cellulose breakdown by 
OH radicals generated by CDH. The breakdown proceeds via hydrogen 
abstraction at C4 by the OH radical followed by the removal of water. In 
addition, oxidation takes place, which is followed by the release of a 
superoxide ion. The products of this reaction are an equimolar proportion of 
carbonyl radical and carbanion. This anion will undergo a deprotonation 
leading to ring opening (30). 
 
 
Figure 1.5: Cellulose breakdown mechanism by CDH. 
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1.6.2 Cellobiose degradation under ionising radiation 
Cellobiose is a dimer of glucose, formed by a β-(1-4)-glycosidic bond. 
The bonding of these cellobiose chains along with interlinking intermolecular 
and intramolecular hydrogen bonds will result in the formation of cellulose. 
Since, cellobiose is the precursor of cellulose; it has been used as a model 
compound to study its interaction with OH radicals (31). Figure 1.6 shows the 
mechanism of cellobiose breakdown when the OH radical generated by the 
ionising radiation in aqueous solution attacks C1 of cellobiose. Figure 1.7 and 
Figure 1.8 shows the mechanism of OH radical attack on cellobiose at C4 and 
C5 respectively. Regardless of the site of attack of OH radicals on cellobiose, 
glucose and carbonyl radicals are produced in equal proportions. 
 
 




Figure 1.7: OH radical attack at C4 (31). 
 
 
Figure 1.8: OH radical attack at C5 (31). 
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1.6.3 Electrochemical cellulose degradation 
Cellulose degradation by electrochemical means has also been studied 
in the past (32). Meng et al. dispersed cotton cellulose in sulphuric acid and 
degraded it to 5-hydroxy methyl furfural (5-HMF) with the intermediate product 
being glucose in an electrochemical system with a Pb/PbO2 anode (32). The 
mechanism proceeded via the production of OH radicals from the anode as 
shown in Figure 1.9. With the removal of water upon OH radical attack, a 
carbon radical at the C4 position is formed. Molecular oxygen then reacts with 
this radical for form a superoxide radical of cellulose leading to the cleavage 
of the glycosidic bond. Upon this breakdown, a C1 radical of glucose and an 
oxygen atom radical of cellulose is formed, further leading to the formation of 
5-HMF, glucose and oligosaccharides. 
 
 
Figure 1.9: Electrochemical degradation of cotton, reprinted with permission 
from “Elsevier, Polymer Degradation and Stability, Copyright 2011” (32). 
 
1.6.4 Autoxidation of cellulose 
When a volume of cellulose is soaked in twice the volume of alkali and 
dried, it undergoes a slow reaction with atmospheric oxygen leading to 
degradation known as alkali autoxidation of cellulose (33). This mechanism is 
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shown below and has three steps; initiation, propagation and termination (34). 
Initiation reactions are the slowest of all the steps and start by the reaction of 
cellulose with oxygen to form intermediate radicals (R 1.1 and R 1.2). During 
propagation reactions, the cellulose radicals further react with oxygen to form 
peroxyl radicals thereby leading to a hydrogen abstraction from another 
cellulose molecule hence continuing the autoxidation (R 1.3-R 1.7). Finally, a 
termination reaction occurs where two radicals undergo reactions to form 
lower sugars or cellulose anions ( R 1.8- R 1.10). 
 
Initiation  
𝑅𝐻 + 𝑂2 → 𝑅
. + 𝐻𝑂𝑂. ……............................................................... R 1.1 
𝑅− + 𝑂2 → 𝑅
. + 𝑂2.−  ……............................................................... R 1.2 
 
Propagation 
𝑅. + 𝑂2 → 𝑅𝑂𝑂
. ……………….......................................................... R 1.3 
𝑅𝑂𝑂. +  𝑅′𝐻 → 𝑅𝑂𝑂𝐻 +  𝑅′.         ............................................................ R 1.4 
𝑅𝑂𝑂.  → 𝑅+ + 𝑂2.− ……………….......................................................... R 1.5 
𝑅. + 𝑅′𝐻 → 𝑅𝐻 + 𝑅′.  ……….......................................................... R 1.6 
𝑅𝐻 + 𝑂𝐻. → 𝑅. + 𝐻𝑂𝐻 ……….......................................................... R 1.7 
 
Termination 
𝑅. + 𝑂𝐻. → 𝑅𝑂𝐻 ……………….......................................................... R 1.8 
𝑅. + 𝑂2.− → 𝑅𝑂𝑂
− ……………….......................................................... R 1.9 




1.6.5 Degradation of cotton cellulose in H2O2 based systems 
To demonstrate the effect of H2O2 (and Fenton’s reagent) on cellulose 
depolymerisation, Hastrup et al. performed experiments using cotton cellulose 
and treated it with H2O2 and Fenton’s reagent (H2O2 + Iron) (35). To 6.67 g/L 
cotton cellulose suspended in water, 0.8-80 mM H2O2 was added and 
incubated for 24 hours. Cellulose degree of polymerisation reduced to half 
after 2 hours treatment with the addition of 80 mM H2O2 whereas it took 24 
hours to achieve similar degree of polymerisation with 0.8 mM H2O2. 
Additionally, when the degradation was performed with the addition of FeSO4, 
the rate of decrease in degree of depolymerisation of cellulose was enhanced. 
This increase in rate was attributed to Fenton’s reactions (R 1.11). In addition 
to iron, manganese was also used and found to be an alternative metal to 
perform Fenton’s reactions. Although cellulose degradation was reported in 
this study, no reduction in cellulose crystallinity was observed. 
 
𝑀𝑛+ + 𝐻2𝑂2 → 𝑀
(𝑛+1)+ + 𝑂𝐻. + 𝑂𝐻− .............................................. R 1.11 
where Mn+ is a metal with an oxidation state of ‘n’ and supports Fenton’s (or 
Fenton’s like) decomposition of H2O2 and M(n+1)+ is the oxidised metal ion. 
 
As discussed in this section, all the mechanisms of cellulose 
degradation involve OH radicals mediated breakdown. An advanced oxidation 
process, namely photocatalysis that has the capability to produce OH radicals 




Fujishima and Honda reported the mechanism of photocatalysis when 
investigating the water splitting reaction which occurred over a TiO2 electrode 
(39). Ever since this striking observation, photocatalysis with TiO2 and other 
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Table 1.3: Application of photocatalysis in various fields 
 
Photocatalysis is a light driven chemical reaction that involves the 
movement of an electron from the valence band (VB) to the conduction band 
(CB) upon excitation by light of a specific wavelength (48). In order for the 
process to proceed, the energy absorbed by the semiconductor photocatalyst 
must be higher than or equal to the band gap energy (Ebg) (48). Figure 1.10 
shows the mechanism of photocatalysis, demonstrating the excitation of 




Figure 1.10: Mechanism of photocatalysis. 
 
Upon illumination, photons are absorbed by the semiconductor 
photocatalyst particle which initiates the photoexcitation of an electron from 
VB to the CB leaving behind a photogenerated hole (hvb+) in the VB and an 
electron, ecb- at the top of the CB ( R 1.12). This reaction occurs in the range 
of femtoseconds (49).  
 
𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 + ℎ𝜈 →     ℎ𝑣𝑏+ + 𝑒𝑐𝑏− .............................................. R 1.12 
 
Both these photogenerated holes and CB bound electrons can participate in 
oxidation or reduction reactions directly (50). Additionally, the VB holes can 
react with water/𝑂𝐻− to form 𝑂𝐻.. These hydroxyl radicals are highly oxidising 
species and can degrade various organic compounds (R 1.13–R 1.14). The 
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CB electrons on the other hand are reducing and hence can react with 
molecular oxygen to produce superoxide radicals (R 1.15). These superoxide 
radicals can in turn play a role in the degradation of substrates (R 1.16). 
Furthermore, 𝑂2
−. can contribute to the indirect production of 𝑂𝐻. via reactions 
R 1.17-R 1.19 (51,52). CB electrons can also react with the produced hydroxyl 
radicals to form hydroxyl ions (R 1.20). 
 
ℎ𝑣𝑏+ + 𝑂𝐻
−(𝑜𝑟 𝐻2𝑂) → 𝑂𝐻
. ..........................................................R 1.13 
𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑠 +∙ 𝑂𝐻 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ..........................................................R 1.14 
𝑒𝑐𝑏− + 𝑂2 → 𝑂2
−. ………………..........................................................R 1.15 
𝑂2
−. + 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 ..........................................................R 1.16 
𝑂2
−. + 𝐻+ → 𝐻𝑂2
.  ………………..........................................................R 1.17 
𝐻𝑂2
. + 𝐻𝑂2
. → 𝐻2𝑂2 + 𝑂2  ..........................................................R 1.18 
𝐻2𝑂2 + 𝑒𝑐𝑏− → 𝑂𝐻
. + 𝑂𝐻−  ..........................................................R 1.19 
𝑒𝑐𝑏− + 𝑂𝐻
. → 𝑂𝐻− …………………......................................................R 1.20 
 
In addition to 𝑂𝐻./holes and 𝑂2
−./electrons produced during 
photocatalysis, H2O2 and 𝐻𝑂2
.  produced during the course of the reaction may 
also play important roles during photocatalysis depending on the area of 
application (R 1.17 and R 1.18). Finally, in addition to all the reactions 
occurring upon photoexcitation, a possible recombination reaction can also 
occur (R 1.21). Recombination reactions greatly reduce the photocatalytic 
efficiency because the photogenerated holes and CB electrons react and 
generate heat before participating in essential redox reactions. Hence, 
semiconductor particles with lesser defects (crystalline particles), smaller 
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particle size (in the nm range) and heterojunctions are usually chosen by 
researchers for photocatalysis to prevent recombination (53-55).  
 
ℎ𝑣𝑏+ + 𝑒𝑐𝑏− → ℎ𝑒𝑎𝑡 (𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛) …………………………………R 1.21 
 
 In literature, however the use of electron acceptors has also been 
reported to reduce recombination (56). H2O2 is the most commonly used 
electron acceptor in photocatalysis to reduce recombination, because it 
generates OH radicals upon photolysis (R 1.22) (56-60). In addition to the 
production of OH radicals, H2O2 addition to a photocatalysis reaction mixture 
helps to reduce recombination by acting as an electron acceptor as seen from 
reaction R 1.23 (56,60).  In addition to R 1.22 and R1.23, H2O2 also react with 
superoxide radicals according to R 1.24 to form OH radicals (56,60). 
 
𝐻2𝑂2 + ℎ𝜈 → 2𝑂𝐻
.  ………..........................................................R 1.22 
𝐻2𝑂2 + 𝑒𝑐𝑏− → 𝑂𝐻
. + 𝑂𝐻−  ..........................................................R 1.23 
𝐻2𝑂2 + 𝑂2
−. → 𝑂𝐻. + 𝑂𝐻− + 𝑂2 ..........................................................R 1.24 
 
 The addition of H2O2 to the reaction mixture increases the overall 
quantity of OH radicals in solution. Due to the enhanced amount of OH radicals 
in solution, photocatalytic oxidation would be increased. It has however been 
reported that an increase in initial concentration of H2O2 does not always 
accompany an increase in the rate of photocatalytic oxidation. This could be 
due to the competition between substrates and H2O2 for the surface sites on 
the photocatalyst (57) or due to the scavenging of hvb+ and OH radicals by the 
excess H2O2 present in solution  (56,58-62) (R 1.25-R 1.28). 
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𝐻2𝑂2 + ℎ𝑣𝑏+ → 𝐻𝑂2
. + 𝐻+  ..........................................................R 1.25 
𝐻2𝑂2 + 2ℎ𝑣𝑏+ → 𝑂2 + 2𝐻
+  ..........................................................R 1.26 
𝐻2𝑂2 + 𝑂𝐻
. → 𝐻2𝑂 + 𝐻𝑂2
.  ..........................................................R 1.27 
𝐻𝑂2
. + 𝑂𝐻. → 𝐻2𝑂 + 𝑂2  ..........................................................R 1.28 
 
1.7.1 Photocatalysts 
Photocatalysts absorb light based on their electronic structures and 
hence they can be classified into the following categories based on their band 
gap energies (63), 
(i) highly photoactive, 
(ii) weakly active (due to less negative conduction band), 
(iii) weakly active (due to less positive valence band), 
(iv) not active (due to narrow band gap) and 
(v) not active (due to a large bang gap) 
 
The wavelength required for photoexcitation is inversely proportional to 
the band gap energy of a photocatalyst. The wavelength required for 
photoexcitation can be determined by Planck’s equation which is as follows, 
 
𝐸𝑏𝑔 =  
ℎ𝑐
𝜆
 …………….…………………….............................…Equation 1.1 
where, Ebg is the band gap energy (Joules), h is Planck’s constant (6.626 × 
10-34 Joules second), c is the speed of light (2.998 × 108 metre/second) and λ 
is the wavelength (metre). The conversion factor for 1 eV is 1.602 × 10-19 
Joules. The band gap energies of various photocatalysts, along with the 
potentials required for 𝑂𝐻. and 𝑂2




Figure 1.11: Band gap energies of various photocatalysts (64-66). 
 
 There are a range of materials that could be photoexcited and used as 
photocatalysts, however TiO2 is the most commonly used photocatalyst. TiO2 
photocatalyst particles are water insoluble white odourless transition metal 
oxide powders that are non-toxic, cheap, inert and photostable. Three crystal 
phases of TiO2 exists, namely; anatase, rutile and brookite. As can be seen 
from Figure 1.11, anatase form of TiO2 with a band gap of 3.2 eV is a 
photocatalyst that falls under the ‘highly photoactive’ category. Band gap of 
3.2 eV corresponds to an excitation wavelength of 387 nm (as calculated from 
Equation 1.1), which is in the near UV light region of the spectrum. The most 
commonly used form of TiO2 is the P25 which is a mixture of 70 % anatase 
and 30 % rutile crystal phases. This combination is commercially preferred to 




TiO2 has its particle size in the range of 25-65 nm (67), however it can 
increase to a few microns in size due to agglomeration. Surface charge is an 
allied phenomenon to particle size and can affect the particle aggregation (68).  
At a pH higher than its iso-electric point (>pH 6.25), TiO2 has a negative 
surface charge (R 1.29).  
 
𝑇𝑖 − 𝑂𝐻 → 𝑇𝑖 − 𝑂− + 𝐻+ …………………………………………………R 1.29 
 
When the pH is however lower than its iso-electric point, TiO2 exhibits a 
positive surface charge (R 1.30). At a lower pH resulting in a positive surface 
charge and increased repulsive forces, self-aggregation of particles is 
suppressed (Figure 1.12). 
 
𝑇𝑖 − 𝑂𝐻 +  𝐻+ → 𝑇𝑖 − 𝑂𝐻2
+ …………………………………………R 1.30 
 
 
Figure 1.12: Relationship between TiO2 particle size and surface charge, 
reprinted with permission from “Elsevier, Journal of Colloid and Interface 




When a TiO2 particle is illuminated, a series of reactions (R 1.13-R 
1.21) occur. The timescale of these reactions occurring upon photoexcitation 
of TiO2 is shown in Figure 1.13. 
 
 
Figure 1.13: Timescale of reactions occurring upon photoexcitation, reprinted 
with permission from “ACS publications, Chemical Reviews, Copyright 2014” 
(70). 
 
 In addition to TiO2, a range of materials such as ZnO (Ebg=3.2 eV), 
SrTiO3 (Ebg=3.2 eV), WO3 (Ebg=2.8 eV), ZnO (Ebg=3.6 eV), CdS (Ebg=2.4 eV) 
and Pt-C3N4 (Ebg=2.8 eV) have also been used for photocatalysis (37,71,72). 
When Ebg is between 3.1-3.9 eV, the photocatalyst can be photoexcited in the 
near UV region, whereas when Ebg is less than 3.1 eV, the photocatalyst can 
be photoinduced using visible light. Since only 4-5 % of the solar spectrum 
correspond to UV light, considerable interest has now shifted towards the 





Illumination is a critical parameter for any photocatalytic process 
because, a suitable light source has to be made available for the photocatalyst 
to remain active in the reaction mixture. The photon flux from the illumination 
source affects the rate of photocatalysis. A low photon flux, is linearly linked 
to the rate, whereas the rate is proportional to the square root of flux at a higher 
photon flux (73). In addition to flux, emission spectra of the illumination source 
is also an important factor affecting the photocatalytic process. The spectral 
range of some common illumination sources are shown in Table 1.4. 
 
Type of illumination 
source 
Spectral range Power Reference 
Mercury arc lamp UV and visible 
(265 – 580 nm) 
300 W (74) 
Medium pressure 
mercury arc lamp 
UV (peak at 365 
nm) 
700 W (75) 
Incandescent lamps UV and visible 
(200 – 600 nm) 
200 W (76) 
Mercury vapour 
fluorescent lamp 
UV (peak at 254 
nm) 
6 - 10 W (77-79) 
PL-L-40 Philips UV 
lamps 
UV (peak at 365 
nm) 




UV (300 – 400 nm) 4 W (81) 
Light emitting diodes 
(FoxUV™) 
UV (peak at 360 
nm) 
454 µW (82,83) 
InGaN Light emitting 
diodes 
UV (390 – 410 nm) 10 – 20 
mW 
(84) 
TG Purple Hi LED 
E1L5M-4P0A2-01 Light 
emitting diodes 
UV (peak at 383 
nm) 
20 mW (85) 
Table 1.4: Potential illumination sources used in photocatalysis and their 
emission spectra 
 
The wavelength suitable for photoexcitation of a photocatalyst is 
determined by its band gap energy and therefore illumination source selection 
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is a key parameter in system design. Various illumination sources that have 
been used for photocatalysis are discussed below. 
 
1.7.2.1 Arc lamps 
Arc lamps are the most commonly used irradiation sources for 
photocatalysis. In arc lamps, radiation is emitted when atoms are excited due 
to an electrical discharge between a cathode and an anode (86). Elements 
such as sodium, krypton, xenon and mercury are used for such purposes. 
Xenon and mercury arc lamps are the most frequently used lamps for 
photocatalysis due to their emission spectra (74,75,87,88). The spectra of the 
mercury lamps depend on the pressure of the element in the lamp and based 
on this medium pressure (500-1500 mmHg pressure) mercury lamps are the 
regularly used lamps in photocatalysis for their spectral emission in the range 
of 190 – 600 nm (74,86). In typical experiments, Tian et al. used Hg arc lamp 
(UV light source) as the light source with a range of TiO2 materials as 
photocatalysts for methyl orange degradation (74). The initial concentration of 
methyl orange in this reaction was 0.02 g/L and the concentration of 
photocatalyst used was 1 g/L. Upon photocatalysis for 25 minutes, more than 
90 % of methyl orange was found to be degraded when reduced TiO2 
nanobelts were used as photocatalysts. When P25 or pristine TiO2 nanobelts 
were used as photocatalysts, the degradation observed was however only 




1.7.2.2 Incandescent lamps 
Incandescent lamps are those where tungsten filaments are heated 
using electrical current to radiate light. Tungsten filament lamps emit light in 
the visible region and therefore are suitable for visible light photocatalytic 
processes (89). Incandescent lamps generate immense heat while operating 
and hence are less frequently reported for photocatalytic processes (76,89). 
Yadav et al. performed methylene blue degradation experiments under visible 
light generated by a 200 W incandescent lamp on a Cr doped TiO2 
photocatalyst (76). They reported that a 10-hour degradation time is required 
to completely mineralise methylene blue under the above-mentioned 
conditions for a dye starting concentration of 1.6 × 10-5 M. 
 
1.7.2.3 Fluorescent lamps 
Fluorescent lamps operate based on the principle of luminescence at a 
lower temperature when compared to incandescent and arc lamps. The 
commonly used germicidal lamps are fluorescent lamps and hence can be 
used for photocatlaysis. These lamps span over a wide spectral range from 
UV-C or far UV (ultra violet) (190 nm) to the visible range. Due to the broad 
wavelength ranges of these lamps, they are being used commonly in 
photocatalysis as a relatively cheap and efficient light source (41,77-81).  
 
For instance, Adams et al. used UV fluorescent lamps to illuminate a 
novel drum reactor consisting of TiO2 pellets to degrade methylene blue dye 
(46). They looked at the effect of light source distance on the degradation of 
methylene blue in addition to other parameters. The lamps were positioned at 
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4 cm, 8 cm, 16 cm and 32 cm away from the drums. They determined that 
when the distance between the lamp and the drum was doubled, the light 
intensity illuminating the photocatalyst decreased by four folds according to 
inverse square law (Equation 1.2) (90). Due to a decrease in light intensity, 
the amount of active photocatalysts in the drum were relatively less and hence 






  …………………………………………………………. Equation 1.2 
where E is the light intensity per unit area, I is the light intensity and d is the 
distance between the light source and point of measurement. 
 
1.7.2.4 Light emitting diodes 
A light emitting diode (LED) is a p-n junction diode which emits light 
when the electrons combine with the holes in the semiconductor with an 
applied voltage. LED’s use relatively low energy (in terms of milli and micro 
watts) when compared to other light sources such as arc lamps, incandescent 
and fluorescent lamps which are in the range of hundreds to tens of watts of 
energy. Due to this low energy input and a range of available wavelengths, 
LED’s are an attractive illumination source for photocatalysis (82-85,91). 
 
Shie and Pai performed photocatalytic degradation of toluene with 
Ag/TiO2 under LEDs and compared the rates of degradation to different UV 
light sources (85). Their reactor set up consisted of a Pyrex vessel of 1 L 
capacity with a light source installed in it. The light source used was a 16 W 
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UV-C lamp (peak wavelength at 254 nm) or a 12 W UV-A lamp (peak 
wavelength at 365 nm) or an array of 40 LEDs (20 mW, peak wavelength at 
383 nm). After 30 minutes of passing dry air, toluene was introduced into the 
reactor and then the change in concentration of toluene over time was 
monitored. Their results indicated that the UV LED photoreactor system for 
the degradation of toluene was 7.4 times energy efficient than the UV-C 
system.  
 
1.7.2.5 Solar light 
Considerable interest is also given to solar light photocatalysis as it is 
a sustainable source of light. Solar light’s spectrum consists of both UV 
(approximately 4-5 %) and visible light and hence could be utilised for 
photocatalysis to perform degradation and energy production (45,92). Due to 
the lack of a range of commercial visible light photocatalysts, however, 
maximum exploitation of solar light is not possible. 
 
Skillen et al. performed H2 production experiments over LaNaTaO3 
from water with oxalic acid as the sacrificial electron donor under solar light 
and UV-visible lamps (45). They performed H2 evolution experiments in a 
novel propeller fluidised photocatalytic reactor illuminated by either 4 × 36 W 
UV-visible lamps in an illumination chamber or concentrated solar light. 
Results revealed that 6 hours’ illumination from the lamps yielded 20.6 µM H2 
whereas 4.6 µM H2 was generated when illuminated for the same time with 
concentrated solar light. The production rate in the former case was found to 
be 14 µM/g/h whereas in the latter case was 5 µM/g/h. The lower production 
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rate and amounts were attributed to the presence of contaminants in the solar 
light path and the weather dependent nature of the solar light. 
 
1.7.2.6 Controlled periodic illumination 
Controlled periodic illumination (CPI) is an illumination source operating 
condition during which the light source is switched on (TON) and off (TOFF) 
alternatively to increase the efficiency of semiconductor photocatalysis (Figure 
1.14). The concept of CPI was first suggested by Sczechowski et al. in the 
early 1990’s where they used alternating light and dark times to decompose 
formate (93). The efficiency of the photocatalysis upon CPI was reported to be 
increased by 500 %.  
 
 
Figure 1.14: Controlled Periodic Illumination, reproduced with permission 
from “Elsevier, Journal of Photochemistry and Photobiology A: Chemistry, 
Copyright 2015” (49). 
 
During CPI, upon illumination of the photocatalyst particle, electron-
hole pairs are generated. These electron-hole pairs further react with 
water/𝑂𝐻− or O2 to form 𝑂𝐻. and 𝑂2
−. respectively. Illumination is essential for 
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this initial photoexcitation step for the generation of electron-hole pairs 
whereas the subsequent steps for the formation of reactive oxygen species 
does not require light and hence can occur in the dark. This alternating TON 
and TOFF periods will avoid the accumulation of charge carriers on the 
photocatalyst which may lead to recombination or unnecessary reactions that 
may lower the overall efficiency of the process (49). 
 
For instance, Tokode et al. monitored the change in photonic 
efficiencies for the photocatalytic degradation of methyl orange under CPI 
using UV LED’s as the illumination source (82). In a typical experiment, TON 
was kept constant at 1 s and TOFF was varied from a minimum of 0.1 s to 1.1 
s to determine the photonic efficiencies for photocatalytic methyl orange 
degradation. In addition, another set of experiments with a constant TOFF at 
1.1 s and varying TON from a minimum of 0.1 s to 1.1 s was also conducted. It 
was reported that with a constant TON and varying TOFF, the photonic 
efficiencies increased with an increase in TOFF.  This was attributed to the O2 
re-adsorption to the photocatalyst particle during TOFF thereby reducing 
recombination. Furthermore, it was also reported that when TOFF was kept 
constant, the photonic efficiencies decreased with increasing TON which was 
due to the accumulation of charge carriers with increasing TON. It was also 
concluded that increasing the TOFF increased the photonic efficiency by 38 % 




1.7.3 Photocatalysis kinetics 
Photocatalysis kinetics, like any other chemical reactions kinetics can 
be determined by monitoring the degradation of reactants or formation of 
products over time. One of the most commonly observed models in 
photocatalysis kinetics is of first order (94). First order kinetics is usually 




=  ∫ −𝐾𝑟 . 𝑑𝑡 …...………………………………………...…...Equation 1.3 
where [C] is the concentration of the reactant, Kr is the reaction rate constant 
and t is time. Integrating Equation 1.3 between the limits t = 0 to t = t for time 
and [C] = [C]0 to [C] = [C]t at time t for concentration, Equation 1.4 is obtained. 
 
ln [𝐶]𝑡 =  ln [𝐶]0 − 𝑘𝑡 …..………………………………………Equation 1.4 
 
In photocatalysis, however due to the effect of initial reactant concentration on 
the rate of product accumulation, rate kinetics has been described using 
Langmuir-Hinshelwood model (95). For instance, in the case of a 
heterogeneous catalytic reaction as shown in Equation 1.5, the rate is given 
as r (Equation 1.6). 
 
𝑆1 + 𝑆2 → 𝑃1 + 𝑃2 ......................................................................Equation 1.5 
𝑟 = 𝑘Θ𝑆1Θ𝑆2 .……………...……………………………………….....Equation 1.6 
where S1 and S2 are substrates 1 and 2, P1 and P2 are products 1 and 2, k 










 ………………………………………….………Equation 1.8 
where KS1 and KS2 are the adsorption constants of S1 and S2 respectively and 
XS1 and XS2 are the concentration of the reactants S1 and S2 in the liquid 
phase respectively. 
 
Now, substituting the values of ΘS1 and ΘS2 from Equations 1.7 and 1.8 in 




 ……………………………………….....Equation 1.9 
 
During photocatalysis, when one of the substrates, S2 is present in excess or 
is constant, for instance, when a photocatalytic reaction mixture is aerated 
continuously with ambient air, the amount of oxygen is constant and hence 
ΘS2 becomes a constant, or in the case of S2 being present in excess, ΘS2 




 ………………………….…………………......Equation 1.10 
where k’ = k ΘS2. 
 




= 𝑘𝑎𝑝𝑝𝑋𝑆1  …..………………………….....Equation 1.11 
where kapp is known as the apparent rate constant. Taking the reciprocal of 













In addition to the influence of reactant concentration, the effect of 
incident light also influences the rate of the reaction in photocatalysis. The 
relationship incorporates light intensity to Equation 1.11 and is given by a 










   .........................................................Equation 1.14 
where, γ is the ratio of light time to the total operated time in a CPI process, 
Imax is maximum intensity and m is order of light intensity. As can be seen from 
the equation, γ is proportional to the rate of the reaction. Same is the case with 
the Imax at low intensities, however at higher intensities the rate tends to be 
independent of light intensity (99). 
 
1.8 Hydroxyl radicals 
1.8.1 OH radical diffusion 
OH radicals produced during semiconductor photocatalysis is one of 
the most important reactive oxygen species generated during the process. 
These radicals produced at the surface of the photocatalyst particles react with 
surface adsorbed reactants and oxidise them to products, however there is 
also a possibility that these species can diffuse into the bulk and still perform 







Figure 1.15: Schematic illustrating the diffusion of OH radicals, adapted from 
Choi et al. (100) where Rfree is the reactant in bulk, Rad is the reactant 
adsorbed onto the photocatalyst surface, .OHad is the surface bound hydroxyl 
radical and .OHfree is the hydroxyl radical that diffused into the bulk. 
 
The diffusion of OH radicals in bulk was verified by a series of simple 
experiments performed by Choi et al. (100). They used tetramethylammonium 
(TMA) as the model compound to illustrate OH radical diffusion. A suspension 
of TMA and 0.5 g/L TiO2 photocatalyst was prepared and maintained at pH 3 
and pH 11 (2 sets). Then t-butanol was added to one of the sets as a bulk OH 
radical scavenger. Upon irradiation for 6 hours for suspensions without 
scavengers, the highest TMA degradation was observed for the suspension 
with pH 11 followed by pH 3. At pH 3, TMA does not adsorb onto the surface 
of TiO2 as it carries a positive charge (isoelectric point of TiO2 is 6.25) whereas 
at pH 11 TMA, hosting a negative charge adsorbed onto the photocatalyst. 
Due to these reasons TMA was oxidised by the OH radicals present in bulk in 
the former case and by a combination of surface adsorbed and bulk radicals 
in the latter case. During the presence of a scavenger however, TMA 
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degradation was only observed at pH 11 but not at pH 3. This was because, 
at an acidic pH when only the surface radicals prevail and when the radicals 
in bulk were scavenged, TMA could not be degraded, whereas at an alkaline 
pH TMA adsorbed onto the surface of the photocatalyst particle and hence the 
surface bound OH radicals oxidised the adsorbed TMA. 
 
As seen from the example, it is necessary for the reactant to be in 
contact with the reactive oxygen species to undergo the desirable reaction. 
This could either be facilitated via varying the pH of the suspension so that the 
reactant can adsorb onto the surface of the photocatalyst for photodegradation 
or improve mass transfer so that the OH radicals in the bulk can come in 
contact with the reactant and form desirable products. The latter case is of 
important consideration when the reactant is pH sensitive. Mass transfer 
limitations in photocatalysis can be overcome by appropriate reactor designs 
which will be discussed in the subsequent section (Section 1.9).  
 
1.8.2 OH radical quantification 
To get a better understanding of photocatalysis, total OH radicals 
produced by the photocatalyst have to be quantified. OH radicals have a short 
lifetime of approximately one nanosecond and hence it is highly unlikely to 
quantify it directly (63). Therefore, a range of methods have been developed 
in the past such as emission spectroscopy, laser induced fluorescence, 
electron spin resonance, spin trap and chemical probes or quencher based 
methods to quantify OH radicals (63,101-115).  Methods using chemical 
probes capture OH radicals as a product of a chemical reaction and based on 
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its stoichiometry, the amount of OH radicals can then be calculated. A 
common approach for chemical probe based quantification is either through 
fluorimetric or colourmetric analysis. A selection of the OH radical 
quantification methodologies found in literature based on fluorescence and 
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In the past, OH radical quantification have been carried out for various 
commercially available photocatalysts, photo-Fenton’s reaction and other 
modified TiO2 based visible light photocatalysts with coumarin as the reactant 
(63,104,105,114,116). The photocatalytic degradation of coumarin yields a 
number of products such as 7-hydroxycoumarin, 3-hydroxycoumarin, 4-
hydroxycoumarin, 6-hydroxycoumarin, 8-hydroxycoumarin and ortho 
coumaric acid (117). 7-hydroxycoumarin is the only fluorescent product of the 
reaction that could be quantified using its fluorescence intensity, and hence 
based on the stoichiometry of 7-hydroxycoumarin produced, the amount of 
OH radicals can be calculated. In this work, one of the objectives was to 
quantify the OH radical produced by novel visible light photocatalysts 
synthesised in the collaborator’s laboratory and compare it to the OH radical 
production from TiO2 photocatalysis. The efficiency of OH radical production 
in photocatalysis depends on the band gap of the photocatalysts and 
illumination source as mentioned in the previous sections. Apart from these 
parameters, reactor design is also vital to enhance the production of OH 
radicals. 
 
1.9 Reactor design 
Reactors are vessels designed to perform chemical reactions. 
Photocatalytic reactors are vessels that incorporate light distribution as a 
design parameter in addition to conventional reactor design parameters. A 
typical photocatalytic reactor has to facilitate ample light distribution via 
reflection and scattering, provide suitable mixing if required and enhance mass 
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transfer. Some important parameters to be taken into account while designing 
a photocatalytic reactor are as follows (86,118), 
(i) total irradiated catalyst surface area, 
(ii) light distribution, 
(iii) ease of product recovery 
(iv) mass transfer 
(v) construction material 
 
There has been a number of reactor configurations mentioned in the 
literature, which can be broadly divided into suspended or immobilised catalyst 
photoreactors. A review by McCullagh et al. covered a variety of these 
available designs such as the annular photoreactor, packed bed photoreactor, 
Taylor vortex photoreactor, fluidised bed reactor, coated fibre optic cable 
reactor, falling film reactor and fixed bed reactor (52). It is not feasible to 
compare the current reactor designs on a common scale as they have their 
own advantages and disadvantages based on their area of application (52).  
 
Recently 12 different photocatalytic reactors for wastewater treatment 
were compared by using a benchmark ratio proposed as the photocatalytic 
space time yield (PSTY) (119). According to Leblebici et al. PSTY is defined 
as the “volume of water treated for each kW lamp power per volume of reactor 
per unit of time” (119). They concluded that among the compared designs, a 
pilot scale slurry reactor obtained the highest score. Additionally, it was also 
observed that an immobilised microreactor had high area to volume geometry. 
Furthermore, with an effective scale up of the microreactor using LED’s as the 
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light source, it was determined that the microreactors can perform better than 
slurry reactors. 
 
1.9.1 Suspended photoreactor 
Suspended photoreactors are those in which the reaction mixture 
comprises of the photocatalysts suspended in solution (reactant). Suspended 
photocatalytic reactors are used when an increased surface area of the 
photocatalyst is required to carry out photocatalysis. Increased surface area 
of the photocatalysts will enhance the interaction between the photocatalysts 
and reactant, improve mass transfer and enhances the overall photonic 
efficiency. Although a high surface area is achieved in suspended 
photoreactors, the separation of photocatalyst from the reaction mixture is 
extremely difficult making it a major disadvantage. Light penetration issues 
also have to be considered in such systems while using photocatalysts of 
higher concentrations. 
 
Shon et al. performed photocatalytic wastewater degradation using 
TiO2 P25 photocatalyst material in a suspended photocatalytic reactor with the 
light source inserted into the reactor (120). The system was designed to be a 
batch reactor which can support up to three 8 W UV lamps as the illumination 
source (Figure 1.16). The reaction vessel containing wastewater had a 
magnetic stirrer bar to facilitate mixing. An air blower was also fixed to the 
bottom vessel to enable air (O2) bubbling. The vessel was jacketed to allow 
water to pass through for cooling purposes. For the photocatalytic reaction to 
begin, 1 g/L P25 was suspended in the wastewater solution and either one, 
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two or three lamps were switched on and the degradation of wastewater was 
monitored in terms of dissolved organic carbon. With the increase in number 
of lamps, the light intensity reaching the photocatalyst increased thereby 
increasing the rate of photocatalytic degradation. It was determined that 
compared to one lamp, when three lamps were switched on to illuminate the 
reactor, the rate constant was 27.6 times higher. 
 
 
Figure 1.16: Suspended photocatalytic reactor for wastewater treatment, 
reproduced with permission from “Elsevier, Water Research, Copyright 
2005” (120). 
 
 Increased photocatalyst loading will increase the total available 
surface area for photocatalysis but will also gradually decrease the light 
penetration into the reactor leading to decreasing efficiency. This was 
demonstrated by Nan Chong et al. when they increased the concentration of 
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the H-titanate nanofibers from 0.5 to 4 g/dm3 to degrade congo red dye in an 
annular slurry reactor (121) (Figure 1.17). When the concentration of the 
photocatalyst was increased from 0.5 to 3 g/dm3 they noticed a linear increase 
in the dye degradation efficiency, however, when the concentration increased 
to 4 g/dm3 the efficiency dropped. This suggested that the increase in 
photocatalyst concentration decreased light penetration due to a ‘light 
shielding effect’.  
 
 
Figure 1.17: Experimental setup for the annular slurry photoreactor system: 1 
- UV light, 2 - recirculation water line, 3 - fresh cool water line, 4 - cooling 
water vessel, 5 - cooling water pump, 6 - temperature meter, 7 - compressed 
air supply line, 8 - compressed air regulation valve, 9 - sampling ports, 10 - 
pH meter, 11 - dissolved oxygen meter and 12 – photoreactor, reproduced 
with permission from “Elsevier, Chemical Engineering Journal, Copyright 
2008” (121). 
 
To elucidate the importance of mass transfer, Skillen et al. performed 
H2 production experiments in a propeller fluidised photocatalytic reactor, by 
varying the speeds of the propeller from 0 – 1730 rpm (Figure 1.18) (45). The 
photocatalytic reaction mixture was composed of 0.025 M oxalic acid solution 
in water and 1 g/L Pt-C3N4 photocatalyst. A 144 W UV-visible lamp was used 
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as the light source. At a propeller speed of 0 rpm, the total H2 production was 
15.9 µM, however, when the speed was increased to 289 rpm it increased to 
42.4 µM and further increased to 65.7 µM at 1035 rpm. This experiment 
demonstrated that mass transfer limitations can be eliminated when the 
photocatalyst slurry is fluidised. When the propeller speeds were however 
increased beyond 1035 rpm to 1384 and 1730 rpm, the total H2 production 
declined to 65.2 and 61.9 µM respectively. Since maximum photon penetration 
depth was achieved with 1035 rpm, increasing the speeds beyond this did not 
yield a higher amount of H2. 
 
 
Figure 1.18: Propeller fluidised photocatalytic reactor operating over a range 
of 0 – 8 dcV (0 – 1730 rpm) designed to overcome mass transport 
limitations, reproduced with permission from “Elsevier, Chemical Engineering 
Journal, Copyright 2016” (45). 
 
1.9.2 Immobilised photoreactor 
Immobilised photoreactors are those that have the photocatalysts 
immobilised (coated) on to a support in the photoreactor. The support could 
be glass beads, foams, stainless steel meshes, walls of the reactor and optical 
fibres (52). Immobilised photoreactors overcome the disadvantage of light 
penetration and photocatalyst separation posed by the slurry systems, 
however a high surface area of the photocatalysts cannot be achieved with 
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immobilised systems. Immobilised reactors are also mass transport limited 
(52,119). 
 
To overcome mass transport limitations in immobilised systems, 
McMurray et al. performed photocatalytic degradation of formic acid and oxalic 
acid in a CSTR (continuous stirred tank reactor) with TiO2 immobilised on 
borosilicate glass sheets (122) (Figure 1.19). They performed the degradation 
experiments under different stirring speeds ranging from 1000 – 2000 rpm and 
determined that the rates of degradation were similar for speeds above 1000 
rpm and hence concluded that mass transport limitations could be overcome 
with mixing speeds of higher than 1000 rpm. Mass transport limitations could 
also be overcome in fixed bed systems when they are aerated (52). 
 
 
Figure 1.19: Stirred tank reactor with immobilised photocatalyst, reproduced 
with permission from “Elsevier, Applied Catalysis A: General, Copyright 
2003” (122). 
 
To demonstrate the photocatalytic capability of an immobilised 
photocatalyst, TiO2 P25 was coated on to optical fibres to degrade 4-
46 
 
chlorophenol under UV light by Peill and Hoffmann (123) (Figure 1.20). A part 
of the cladding and the outer core of the optical fibre buddle (20 cm length) 
was stripped and coated with P25 and dried. The bundle had 72 quartz optical 
fibres of 1 mm diameter each. An optical fibre reactor was then built with the 
P25 coated fibre end dipped in the Pyrex vessel to degrade 0.1 mM solution 
of 4-chlorophenol. Light from a xenon arc lamp was focussed on to the non-
coated end of the optical fibre bundle at various incident angles close to 90 
degrees.  A gas bubbling system was also included at the bottom to enhance 
mass transfer. A light absorption higher than 95 % was recorded for this 
system and it was found that 4-chlorophenol could be completely degraded 
within 13 hours. They also compared the performance of this reactor with a 
conventional slurry reactor and found the quantum efficiencies to be similar. It 
was further concluded that this comparable performance of the optical fibre 
reactor was due to the increased light absorption (minimal light loss) and 
elimination of mass transfer limitations. 
 
 
Figure 1.20: Optical fiber reactor with coated photocatalyst for 4-
Chlorophenol degradation, reproduced with permission from “American 




1.10 Photocatalytic cellulose breakdown 
As discussed in the previous sections, in addition to various available 
photocatalysts and illumination sources, an effective reactor design is also 
necessary to obtain the desired output from the photocatalytic process. A 
synergy of photocatalysts, light sources and photoreactor design has been 
successfully used as an advanced oxidation process to address various 
environmental problems such as pollutant decontamination, wastewater 
treatment and degradation of organic compounds (37,38,124-126). This 
advanced oxidation process has now been extended to degrade 
polysaccharides, especially cellulose (127,128). 
 
The photocatalytic breakdown of cellulose has not been extensively 
reported but there have been a small number of reports in the literature, 
earliest of which was performed by Kawai and Sakata in 1980 (128). They 
dispersed cellulose in water or NaOH and used it as a sacrificial agent for 
hydrogen generation over a RuO2/TiO2/Pt photocatalyst under UV light. Filter 
paper cut into pieces was used as the source of cellulose. This experiment 
yielded 70 µM H2 in 20 hours, whereas the control experiment with no 
sacrificial agent yielded only 4 µM. 
 
Another study also discussed the breakdown of the cellulose via TiO2 
photocatalysis under UV (127). Fan et al published their work featuring the 
photodegradation of cellulose dissolved in 66% ZnCl2 under UV light with TiO2 
as a photocatalyst (127). The final product of this process was 5-HMF, 
whereas the intermediate product was glucose. The fact that cellulose 
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undergoes degradation under strong acidic conditions as well as from 
photocatalysis could also contribute to the production of glucose and 5-HMF. 




Figure 1.21: Photodegradation of ZnCl2 dissolved cellulose, reproduced with 
permission from “John Wiley and Sons, Journal of Chemical Technology and 




This chapter discussed in detail about the potential of cellulose 
photocatalysis for biofuel production. Firstly, the need for alternative energy 
was emphasised by discussing about the demand for energy and the current 
investments made in the field of renewable energy. Next, the possibility of 
using the world’s most abundant organic material - cellulose as a raw material 
for biofuel production was highlighted. Cellulose biorefineries are a possibility 
when they are environmentally sustainable, but currently to produce biofuels 
from cellulose, environmentally unfavourable harsh physico-chemical pre-
treatment methods are used. These harsh pre-treatment methods not only 
release fermentable sugars, but also degrade them in addition to releasing 
harmful chemicals into the environment. The need for these harsh methods 
could be attributed to the amphiphilic structure of cellulose. Hence, the 
conversion of native cellulose to cellulose II (a relatively easier form of 
cellulose to digest) could be a possibility. This conversion occurs due to the 
rearrangement of H bonds as a result of mercerisation or regeneration. Instead 
of using adverse solvents such as aqueous NaOH to produce cellulose II, 
green solvents in the form of ionic liquids or onium hydroxides can be used. 
 
To effectively exploit cellulose for the production of biofuels, the 
compound has to be broken down. All the known cellulose degradation 
mechanisms utilise OH radicals to breakdown cellulose via the disruption of 
glycosidic bonds. This paves the way for the use of photocatalysis, an 
environmental friendly method which can effectively generate OH radicals to 
breakdown cellulose. OH radical production from photocatalysis is based on 
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the band gap energy of the photocatalyst. The band gap also dictates the 
selection of the illumination source for photocatalysis. The electrons from VB 
has to be excited to the CB using a suitable source of illumination so that a 
hole is left behind in the VB thereby forming OH radicals. In addition to the 
illumination source and the photocatalyst material, an effective reactor design 
can enhance the production of OH radicals.  
 
Overall, this chapter has discussed the current position of renewable 
energy, cellulose conversion and the role photocatalysis can play. It is evident 
that an energy efficient method is required to breakdown cellulose in order to 
harvest fermentable sugars for biofuel production. 
 
1.12 Research aims and objectives 
The aim of this research was to develop a photocatalysis assisted method 
to release fermentable sugars from cellulose and cellulosic wastes for biofuel 
production. 
The objectives of this project are:  
 To asses and select photocatalysts via OH radical quantification and 
study its interaction with cellulose molecules. 
 To determine the efficiency on the preceding photocatalytic process 
based on fermentable sugar formation. 
 To design, simulate and fabricate a photocatalytic reactor to investigate 
fermentable sugar release. 
 
The results of these studies are detailed in the subsequent chapters. 
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Chapter 2: Comparative assessment of 
visible light and UV active photocatalysts 
by hydroxyl radical quantification 
 
2.1 Introduction 
Photocatalysis has gained significant interest since the early 
publication by Fujishima and Honda in 1972, demonstrating the potential of 
splitting water over TiO2 (39). Since this publication, photocatalysis has been 
applied to a broad range of fields including waste water treatment, microbe 
destruction, toxin removal, energy production and air treatment. 
(37,46,48,129-132). The general mechanism of photocatalysis is shown in 
Figure 1.10. The mechanism of photocatalysis has been well documented and 
can be generally represented by the equations shown in reactions R 1.11 – R 
1.20. The formation of surface radical species such as superoxide (𝑂2
−.) and 
hydroxyl radicals (OH.) play a key role in a number of photocatalytic pathways 
and as such their identification and quantification is a key consideration. As 
shown in reaction R1.14, OH radicals are primarily generated from the reaction 
between valence band holes and hydroxyl ions on the catalyst surface. An 
indirect pathway, via 𝑂2
−., also results in OH radical formation, as shown in 
reactions R 1.15-1.18 (51,52). OH radicals being strong oxidants have an 
oxidation potential of 2.8 V (vs NHE) (normal hydrogen electrode) (124,133) 
and are highly non-specific and break any bonds that are within close 
proximity. The non-selective nature of these reactive oxygen species also aids 





Newly developed photocatalytic technologies and materials have often 
utilised model compounds and screening methods to assess their 
performance (137-140). Common evaluation methods reported in the 
literature include the decomposition of dyes such as methylene blue (ISO test 
10678:2010), or degradation of organic pollutants such as 4-chlorophenol or 
toluene (137-140). These procedures are often coupled with the 
corresponding calculated photonic efficiencies and quantum yields to evaluate 
overall efficiency. While these methods can be effective in identifying the 
specific photocatalytic performance of a material in relation to a fingerprint 
compound, they provide little information regarding the production of OH 
radicals involved within the mechanism. Therefore, the requirement for a 
simple and robust method of radical quantification for screening the oxidative 
potential of catalysts has significantly increased. The challenge in OH radical 
quantification lies in both the non-selective nature and short lifetime (~ 1 
nanosecond) of the radical, which restricts the possibility of direct 
quantification (63). Consequently, a range of methods have been developed 
such as emission spectroscopy, laser induced fluorescence, electron spin 
resonance, spin trap and chemical probes or quencher based methods to 
quantify OH radicals (63,101-115,141). 
 
The use of a chemical probe to capture OH radicals presents a 
potentially efficient way to measure the radical due to the low cost, rapid 
analysis time and reproducibility of the method. Monitoring a probe compound 
through spectroscopy allows the concentration of OH radicals to be calculated 
based on stoichiometric ratios of products formed. A recently reported in vivo 
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technique utilised a nanoprobe comprising of a nanoparticle and azo dye in 
order to quantify OH radicals in the femtomolar range (141). Here the 
nanoparticle was used as an energy donor and the modified orange was used 
as an OH radical capturing ligand molecule (and the energy acceptor).  
 
DMSO based methods for OH radical capture have also been utilised 
in the past to quantify these species via the formation of formaldehyde based 
on reactions R2.1-R2.4 (106,108,109). The formation of CH4 in a closed 
system coupled with O2 bubbling however reduces the suitability of utilising 
DMSO as a probe molecule. 
 
(𝐶𝐻3)2𝑆𝑂3 + 𝑂𝐻
. → 𝐶𝐻3𝑆𝑂𝑂𝐻 + 𝐶𝐻3
. ................................................ R 2.1 
𝑂2 + 𝐶𝐻3
. → 𝐶𝐻3𝑂𝑂
.  ...................................................................... R 2.2 
2𝐶𝐻3𝑂𝑂
. → 𝐻𝐶𝐻𝑂 +  𝐶𝐻3𝑂𝐻 +  𝑂2 ................................................ R 2.3 
𝐶𝐻3
. + 𝑅𝐻 → 𝐶𝐻4 + 𝑅
. ...................................................................... R 2.4 
 
In the past, OH radical quantification has been carried out for various 
commercially available photocatalysts, photo-Fenton’s reaction and other 
modified TiO2 based visible light photocatalysts with either coumarin or 
terepthalic acid as probe molecules (63,101-106,114,116,142). Both 
compounds are capable of acting as OH radical traps by forming fluorescent 
products as result of reacting with the radical species. Terepthalic acid has 
been investigated in a study by Ishibashi et al. which achieved an OH radical 
concentration of 7 × 10-5 M based on the measurement of 2-hydroxyterepthalic 
acid (102). In addition to the use of terepthalic acid as a probe molecule, 
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coumarin has been used in a number of studies to determine the concentration 
of OH radicals produced from TiO2 at relatively high loadings of 1 to 5 g/L 
(63,114,143). For instance, Czili et al. used 100 µM coumarin as the probe 
molecule to capture OH radicals under a 40 W UV lamp. They determined a 
maximum OH radical production rate of 23.39 µM/g/hr (calculated from their 
reported 7-hydroxycoumarin rates) with 1 g/L TiO2 P25 photocatalyst. 
 
This chapter discusses the utilisation of coumarin as a hydroxyl radical 
trap and reports the screening of a selection of visible light responsive 
photocatalysts under low power illumination based on their OH radical 
producing capability. In contrast to previous reports, which concentrated on 
quantifying the OH radicals produced from TiO2, other commercially available 
and a few synthesised photocatalysts (63,106,114,143), this work focusses on 
assessing the oxidative strength of visible light photocatalytsts Pt-C3N4, 5% 
LaCr doped SrTiO3, Sr0.95Cr0.05TiO3 (referred to as Cr-SrTiO3 from here on) 
and yellow TiO2 and compares them against commercial TiO2 P25 and WO3 
for evaluation. In addition, a low catalyst loading was used to highlight efficient 
OH radical formation can be achieved without requiring large quantities of 
powdered catalyst.  
 
2.2 Experimental Procedure 
2.2.1 Materials 
Coumarin and 7-hydroxycoumarin were purchased from Tokyo 
Chemical Industry UK Ltd, while TiO2 P25 was purchased from Degussa (now 
Evonik industries) and WO3 nano powders were purchased from Sigma 
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Aldrich. All commercial chemicals were used as received. The catalysts Pt-
C3N4 (65), 5% LaCr doped SrTiO3, Cr-SrTiO3 and yellow TiO2 (144) were 
synthesised and characterised by collaborators at the school of chemistry, 
University of St. Andrews, using methods cited in the literature (65,66,144) 
(Appendix A). 
 
2.2.2 Standard curves 
A stock solution of coumarin was prepared by dissolving 21.9 mg 
coumarin in 200 ml deionised (DI) water at 80˚C. This solution was left to cool 
to room temperature and then made up to a volume of 300 ml by adding DI 
water to achieve a final concentration of 500 μM. From this stock solution, a 
range of concentrations from 0 – 100 μM were prepared by diluting with the 
required amount of DI water. A volume of 1.5 ml from each concentration was 
taken and the absorbance was measured using a Cary 300 Scan, UV-Visible 
Spectrophotometer at a wavelength of 277 nm. DI water was used as the blank 
solution for absorbance measurements. The standard curve was plotted as 
absorbance at 277 nm against coumarin concentration. 
 
A stock solution of 10 μM 7-hydroxycoumarin was prepared by 
dissolving 0.162 mg 7-hydroxycoumarin in 100 ml DI water. From the stock 
solution, two sets of concentration ranges were prepared; 0-1 μM and 0-10 
μM. Both sets were prepared by diluting a set volume of the stock solution with 
DI water. A volume of 3 ml of the working solution was placed in a Kartell 
disposable Poly methyl methacrylate (PMMA) UV grade fluorimetric analysis 
cuvette and analysed using a PerkinElmer LS 50B luminescence 
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spectrophotometer. The excitation wavelength was set at 332 nm and the 
emission wavelength was set at 456 nm (63). The excitation and emission slit 
width was 4 mm and the scan rate was 200 nm/min. Two standard curves (one 
for each concentration range) were plotted as fluorescence intensity at 456 
nm against concentration of 7-hydroxycoumarin. 
 
2.2.3 Photocatalytic experiments 
All photocatalytic experiments were performed in closed screw cap 
bottles. The reaction solution was composed of 100 ml of 100 μM coumarin 
along with 10 mg of photocatalyst (0.1 g/L). A magnetic stirrer bar was placed 
inside the bottle and the bottle was then placed on a magnetic stirrer at a 
distance of 11 cm from a 36 W compact fluorescent non-integrated visible 
lamp (Philips, colour code 830) or a 36 W UV lamp (Philips, Cleo lamps). The 
spectral outputs of the lamps were measured by a StellaNet spectrometer and 
the spectra are shown in Figure 2.1. Prior to illumination, the reaction solution 
was stirred in the dark to allow a state of equilibrium to be reached. The length 
of time required in the dark was calculated from the control experiments 
conducted in the absence of light. During irradiation, samples (3 mL) were 
taken at dedicated time intervals for a maximum of 120 mins. Samples were 
filtered through a 0.22 μm Millex syringe filter prior to analysis. Coumarin 
absorbance was monitored using a Cary 300 Scan, UV-Visible 
Spectrophotometer at 277 nm, with a scan rate of 400 nm/min. 7-
hydroxycoumarin fluorescence was measured in a PerkinElmer LS 50B 
luminescence spectrophotometer, using an excitation wavelength of 332 nm 
and emission wavelength at 456 nm (63). The excitation and emission slit 
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width was 4 mm and the scan rate was 200 nm/min. A sample UV/Visible and 
fluorimeter spectrum, with peaks at 277 nm and 456 nm respectively, are 




Figure 2.1:  Lamp spectra for 36 W UV lamp and code 830 visible lamps 
 
 
Figure 2.2: Sample UV/Visible absorbance spectra of coumarin with a peak 















































Figure 2.3: Sample fluorimeter spectra with and without a peak at 456 nm 
 
2.2.4 Control experiments 
To observe any significant effects on coumarin concentration over time, 
control experiments were performed in the absence of light and photocatalyst.  
 
2.2.4.1 Dark adsorption experiments 
Dark adsorption experiments were performed to determine the 
equilibration time for the adsorption, maximum possible amount of coumarin 
adsorbed onto the photocatalyst as well as to make sure that any degradation 
of coumarin occurring over time in the absence of light is accounted for. This 
helped to ensure that the amount of actual coumarin available for degradation 
is lower or equal to the initial amount. The experimental procedure for dark 
adsorption is as described in section 2.2.3 except that this experiment was 
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2.2.4.2 Light control experiments without photocatalysts 
Light control experiments without photocatalysts were performed to 
determine if any OH radicals were produced in the experiment when light was 
illuminated on to coumarin working solution. This experiment also ensured that 
any coumarin degradation in the absence of photocatalyst is monitored over 
time. Once quantified, this was useful to calculate the actual OH radicals 
produced from the photocatalytic experiments. The procedure to perform a 
light control experiment is as described in section 2.2.3 except that the 
experiment was performed without the addition of any photocatalyst. 
 
2.2.5 OH radical quantification 
OH radicals were quantified based on a modified method described by 
Zhang et al. (116) and according to Equation 2.1. The concentration of OH 
radicals was calculated by assuming that 6.1 % of total OH radicals were 
captured as 7-hydroxycoumarin. The stoichiometric ratio of one mole of OH 
radical consumed for the production of one mole of 7-hydroxycoumarin was 
used (Figure 2.4) (114).  
 
 




The total number of OH radicals produced over time during this 





− 𝐵} ..................................................................... Equation 2.1 
where, X is the total OH radical concentration (μM) produced during 
photocatalysis, A is the mean 7-hydroxycoumarin concentration (μM) and B is 
the amount of OH radicals (μM) produced during the light control experiments. 
 
The assumption that 6.1 % of total OH radicals produced were captured 
as 7-hydroxycoumarin may not be accurate for a photocatalytic process. The 
potential inaccuracy with this assumption was because it was adopted from a 
gamma radiolysis experiment capturing OH radicals with the coumarin probe. 
Researchers however still tend to use this assumption because it could be 
used to relatively quantify OH radicals produced by various photocatalysts 
against P25. The actual percentage of 7-hydroxycourmain produced upon 
photocatalytic oxidation of coumarin possibly could be determined if individual 
products of coumarin hydroxylation were quantified. This was not performed 
in this work as this was beyond the scope of the project. 
 
2.3 Results and discussion 
2.3.1 Standard curves 
2.3.1.1 Coumarin standard curves 
Coumarin standard curve was obtained by plotting absorbance at 277 
nm in the Y-axis and concentration of coumarin in the X-axis as shown in 
Figure 2.5. The values of absorbance were taken as average values from 
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triplicate readings. When the absorbance of an unknown coumarin sample is 
measured, its concentration can be determined by using the equation obtained 
from the standard curve. 
 
 
Figure 2.5: Coumarin standard curve 
 
2.3.1.2 7-hydroxycoumarin standard curves 
Two sets of 7-hydroxycoumarin standard curves were prepared. The 
first set from a 0-1 µM concentration and the second set from 0-10 µM as 
shown in Figure 2.6 and Figure 2.7 respectively. Both the curves were 
obtained by plotting the fluorescence intensity of 7-hydroxycoumarin at 456 
nm on the Y-axis and concentration of 7-hydroxycoumarin on the X-axis. 
When the fluorescence of an unknown 7-hydroxycoumarin sample is 
measured, its concentration can be determined by using the appropriate 
equations obtained from the respective standard curve. 
 






























Figure 2.6: 7-hydroxycoumarin standard curve (0-1 µM) 
 
 
Figure 2.7: 7-hydroxycoumarin standard curve (0-10 µM) 
 
2.3.2 Control experiments 
Dark adsorption experiments were performed to ensure no OH radicals 
were formed in the absence of light. The results of the dark adsorption 
experiments are shown in Table 2.1. The results also indicate the difference 
in time at which equilibrium was reached between the photocatalyst surface 
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and coumarin solution and this could be ascribed to the particle size. Among 
the photocatalysts used in the experiments, P25 with the lowest particle size 
had the highest coumarin adsorption, while WO3 with the highest particle size 
had the lowest coumarin adsorption thereby indicating the influence of particle 
size on coumarin adsorption. 
 
The production of 7-hydroxycoumarin was also monitored during the 
experiment. The spectra of all the dark control samples showed no peaks at 
456 nm, confirming that there was no formation of 7-hydroxycoumarin. A 
sample fluorimeter spectrum with no peak at 456 nm is shown in Figure 2.8. 
Therefore, it was concluded that there was no OH radical production on the 
catalyst surface during dark conditions.  Furthermore, this confirms that any 
reduction in concentration of COU during the dark control experiments could 
















TiO2 P25 10.48 30  57.4 (145) 
Pt-C3N4 1.66 30  23 (146) 
WO3 0.58 45  2.1 (147) 
LaCr-SrTiO3 3.04 15  16.6 (66) 
Cr-SrTiO3 2.76 45  54.3 (148) 
yellow TiO2 2.85 60  261 (144) 






Figure 2.8: Sample fluorimeter spectra with no peak at 456 nm 
 
Light control experiments in the absence of photocatalysts were 
performed to monitor the interaction between either UV or visible light and 
coumarin. This result from the light control experiments assisted in the precise 
calculation of the actual OH radicals produced during the coumarin 
degradation experiments. Figure 2.9 shows the effect of visible and UV 
illumination on coumarin degradation.  
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Under visible light, no degradation of coumarin was observed, whereas 
under UV light and no photocatalyst there was a slow and steady degradation 
of coumarin occurring over the time as shown in Figure 2.9. This degradation 
could be due to the photolysis effect under UV-A irradiation from the 
illumination source. Similar UV photolysis of aromatic compounds leading to 
their degradation have been reported in the past (149). Furthermore, no 
simultaneous 7-hydroxycoumarin was observed during the 120 minutes’ 
experiment under either visible light or UV light, suggesting it was degradation 
of coumarin occurring and not its hydroxylation to 7-hydroxycoumarin. This 
suggested that in the absence of a photocatalyst, no OH radicals were 
produced from the light control experiments. 
 
2.3.3 Photocatalytic OH radical production 
2.3.3.1 UV light photocatalysis on TiO2 
P25 has been one of the most extensively investigated and most active 
commercially available photocatalysts under UV irradiation and therefore was 
used as a benchmark for comparison in this study. Although, recent studies 
have reported that nano-spherical InCrO4-loaded TiO2 and TiO2 nanospheres 
deposited on graphene performed better than P25 for OH radical production 
and dye degradation upon UV irradiation (150,151), to date P25 is still 
regarded as the benchmark. The photocatalytic hydroxylation of coumarin 
over P25 under UV light and subsequent formation of 7-hydroxycoumarin is 
shown in Figure 2.10. The production of 7-hydroxycoumarin under these 





Figure 2.10: Coumarin and 7-hydroxycoumarin profiles with TiO2 under UV 
light 
 
As shown in the figure, near complete degradation (97 %) of coumarin 
was achieved after 120 minutes’ irradiation. This level of degradation was 
likely to result from the increased adsorption of coumarin onto the catalyst, 
which facilitated the reaction with surface bound OH radicals. The role of 
surface bound radicals and those that are present in bulk has been highlighted 
in a previous publication by Li et al. (152), who investigated acid orange 
oxidation over TiO2 P25 and AgBr. This group investigated the quenching of 
OH radicals at the catalyst surface and in bulk in order to demonstrate that 
surface bound species were the predominant radicals in the oxidation 
pathway. This observation confirmed that increased adsorption of the 
substrate on the catalyst surface can significantly increase the degradation 
efficiency. 
 
When a mass balance was conducted with the maximum amount of 7-
hydroxycoumarin produced at 45 minutes, it revealed that for 56.99 µM 
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hydroxylated product produced would have been 17.13 µM in addition to the 
by-product of 17.13 µM water. This adds up to 38.26 µM total products as a 
result of hyrdroxylation. Moreover, 5.44 % of the total initial coumarin at 45 
minutes would have been degraded by UV light as observed from the UV light 
control experiments. This total accounts for 77 % of all products. This deviation 
in mass balance could be due to a number of reasons such as the assumption 
that 6.1 % of the total hydroxylated products produced was 7-hydroxycoumarin 
(obtained from a gamma radiolysis OH radical producing experiment) and the 
reactive oxygen species produced during photocatalysis playing a role in 
degrading the 7-hydroxycoumarin. The deviation due to the former 
assumption could be corrected if all the hydroxylated products produced upon 
coumarin photocatalysis were quantified. 
 
Figure 2.10 also shows the profile of 7-hydroxycoumarin production 
and decomposition which indirectly indicates the quantity of OH radicals 
generated. 7-hydroxycoumarin concentration peaked at 45 minutes, with a 
maximum concentration of 1.045 µM, which was equivalent to 16.9 µM OH 
radicals (as calculated from equation 3). It was observed that an average 
production rate of 1.8 µM/hr was achieved during the first 45 mins, followed 
by an average degradation rate of 0.46 µM/hr during the latter stages of 
irradiation. The decrease in concentration of 7-hydroxycoumarin could also be 





Several reports have suggested the kinetics for 7-hydroxycoumarin 
generation from coumarin with P25 under UV irradiation are zero order 
(63,114,116,153-155), however, a number of these investigations also used a 
high concentration of both catalyst and coumarin. Furthermore, it has been 
suggested that at higher concentrations of coumarin (>100 µM), more UV light 
is absorbed by this probe and not the catalyst, which results in a low 7-
hydroxycoumarin and OH radical production rate (114). In the present study, 
Kapp which is the rate constant for the formation of 7-hydroxycoumarin was 
calculated to be 0.0234 µM/min whereas Kdis, the rate constant for the 
disappearance of 7-hydroxycoumarin was calculated to be 0.0135 µM/min. In 
this study it was established that both, production and degradation of 7-
hydroxycoumarin followed zero order kinetics, which is agreement with 
previous studies.  
 
2.3.3.2 Visible light photocatalysis 
A number of visible light catalysts were also selected for comparison to 
P25 TiO2. While the synthesised catalysts all possessed energy band gaps 
that supported visible light activation, only WO3 and Pt-C3N4 had energy band 
potentials (valence band at 3.2 V and 1.4 V respectively and conduction band 
at 0.2 V and -1.3 V respectively) that would facilitate OH radical formation 
either directly or indirectly as mentioned in reactions R 1.12 – R 1.16. Catalysts 
LaCr-SrTiO3, Cr-SrTiO3 and yellow TiO2 (valence bands at 2.7 V, 2.7 V and 
2.6 V respectively and conduction bands at -0.1 V for all the three 









































































































even when the electronic structure of the catalyst was not suited to the redox 
potential of the reaction. 
 
The photocatalytic hydroxylation of coumarin to 7-hydroxycoumarin 
over WO3 and Pt-C3N4 under visible light is shown in Figure 2.11. As can be 
seen, minimal conversion of coumarin was observed over both Pt-C3N4 and 
WO3, which was also supported by the low formation of 7-hydroxycoumarin 
(Figure 2.12). Pt-C3N4 displayed a slow yet steady conversion rate, reaching 
a 0.91 % drop in coumarin after 120 mins of irradiation whereas, a varying 
coumarin concentration pattern was seen over time on WO3. It is interesting 
to note that there was an initial decrease in coumarin concentration followed 
by an increase which may be attributed to coumarin desorption from the 
surface of WO3. This desorption could be a result of the alteration in 
equilibrium in the closed system due to the possible evolution of O2 from water 
on WO3 under visible light. If these photocatalysts were to be illuminated by 
the UV light source used for the P25 experiments (with minimal intensities in 
the visible region as seen from Figure 2.1), a similar activity as seen in Figure 
2.11 and Figure 2.12 could be expected. 
 
While the decrease in coumarin concentration is low, production of OH 
radicals over Pt-C3N4 and WO3 was supported by the detection of 7-
hydroxycoumarin upon photocatalysis Figure 2.12. When WO3 was used as 
the photocatalyst, there was no 7-hydroxycoumarin production until 30 
minutes of irradiation which could be due to the rapid recombination of the 
electrons and the photo generated holes. After 30 minutes, OH radical 
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production was steady with a gradual generation of 7-hydroxycoumarin being 
observed. In the case of Pt-C3N4 however, 7-hydroxycoumarin production was 
seen from 15 minutes.  The initial increase in the 7-hydroxycoumarin 
concentration correlates to a rapid degradation of coumarin during the first 60 
mins of irradiation. In contrast to Pt-C3N4 and WO3, the catalysts LaCr-SrTiO3, 
Cr-SrTiO3 and yellow TiO2 displayed no activity towards coumarin conversion 
to 7-hydroxycoumarin, which indicates no OH radical formation. Furthermore, 




Figure 2.12: 7-hydroxycoumarin production profiles on visible light 
photocatalysts 
 
2.3.3.3 Influence of photocatalysts’ electronic structure and particle 
size on OH radical formation 
In order to evaluate and discuss the performance of the catalysts, it is 
















































particle size. The electronic structure of the catalysts dictates the initial photo-
excitation of electrons to higher energy levels, while the particle size dictates 
the concentration of photons absorbed and surface reactions between 
coumarin and OH radicals. As shown in reactions R 1.14 – R 1.18, OH radicals 
can occur via two routes in photocatalysis. The direct formation at the valence 
band requires a redox potential of 2.8 V vs NHE, while the indirect method 
occurs via the intermediate radical, 𝑂2
−. and requires a redox potential of -0.33 
V vs NHE (156). The electronic structure of the catalysts tested in this study, 




Figure 2.13: Electronic structure of the photocatalysts used 
 
As shown in the figure, catalysts TiO2 P25, Pt-C3N4 and WO3 possess 
an electronic structure which corresponds to the redox potential of OH radical 
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formation via either direct or indirect mechanisms. The favourable electronic 
structure of TiO2 for OH radical formation has been well documented and is 
evident from the results highlighted here. The performance of Pt-C3N4 and 
WO3 for OH radical formation, however, has not been as well reported. The 
structure of WO3 with a more positive valence band suggests it is capable of 
generating surface OH radicals, however, the results obtained indicate 
minimal 7-hydroxycoumarin production within 2 hours. Based on the structure, 
it was likely an increased rate of recombination preventing OH radical 
formation via the valence band hole, due to insufficient energy to initiate a 
reduction reaction at the conduction band (63). To prevent recombination and 
to increase the OH radical production, Kim et al. synthesised Pt-doped WO3 
and found that the OH radical production from Pt-WO3 was significantly higher 
than un-doped WO3 (140). Furthermore, the large particle size of 
approximately 100 nm for WO3 indicates a smaller surface area, which leads 
to minimum absorption of light. 
 
The electronic structure of Pt-C3N4 as seen from Figure 2.13 clearly 
indicates a reducing catalyst, which is also supported by its application in 
water reduction investigations (157). Therefore, the hydroxylation of coumarin 
and subsequent formation of 7-hydroxycoumarin, as indicated by the earlier 
results, is likely via the indirect O2.- pathway. Based upon this observation, it 
is likely the low yield of OH radicals is a result of competition for the conduction 
band electron between superoxide formation and H+ reduction to form H2 (0 V 
vs NHE). In addition, since all these experiments were performed in a closed 
system with limited O2, a reducing catalyst such as Pt-C3N4 is expected to 
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produce less OH radicals than an open system. Furthermore, despite a 
favourable particle size of 20-40 nm, Pt-C3N4 was observed to agglomerate to 
form larger aggregates leading to a decrease in surface area and in turn light 
absorption. 
 
In the case of LaCr-SrTiO3, Cr-SrTiO3 and yellow TiO2, the electronic 
structures showed both the valence band and conduction band of all these 
catalysts to be lower than the redox potentials to facilitate radical formation as 
seen in Figure 2.13. These catalysts were primarily used as a control 
parameter to ensure no 7-hydroxycoumarin formation was observed. 
 
The calculated OH radical concentrations and production rates 
produced over all catalysts screened are summarised in Table 2.2. The results 
show that the activity of the visible light activated photocatalysts studied were 
significantly lower than commercial P25 under UV light. This further 
emphasises that although there are numerous visible light absorbing 
photocatalysts, their ability to produce OH radicals is significantly lower than 
P25. In future, if any visible light absorbing photocatalysts are to be fabricated 
for the purpose of photocatalytic oxidation, their OH radical producing rates 
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TiO2 UV 16.9 45 35.654 
WO3 visible 0.560 120 0.280 
Pt-C3N4 visible 0.254 30 0.886 
Table 2.2: OH radical rates and quantities 
 
2.4 Conclusion 
The aim of screening UV and visible light absorbing photocatalysts to 
assess their oxidative strength was accomplished successfully by trapping OH 
radicals produced by the photocatalysts in 7-hydroxycoumarin. The OH radical 
production capabilities of various photocatalysts covering a range of band 
gaps and particle sizes were assessed by comparing and discussing their 
differences with the commercial UV light activated P25.  To conclude, visible 
light activated photocatalysts such as LaCr-SrTiO3, Cr-SrTiO3 and yellow TiO2 
did not produce any OH radicals and this could be attributed to their electronic 
structure. Whereas, the (pseudo) maximum OH radical production rates of 
other visible light activated photocatalysts namely, WO3 (0.28 µM/hr) and Pt-
C3N4 (0.886 µM/hr) were found to be significantly lower when compared to the 
commercial UV light activated P25 photocatalyst (35.654 µM/hr). This method 
could be further exploited as novel photocatalysts are developed and to 
compare a range of P25 concentrations for OH radical production. This study 
further emphasises the challenges faced by the visible light photocatalysts for 





Chapter 3: Photocatalytic Fermentable Sugar 
Production from Native and Regenerated 
Cellulose – A Comparison 
 
3.1 Introduction 
Cellulose is a homopolysaccharide containing glucose units bonded 
together by (1-4)-glycosidic bond (Figure 1.2, Chapter 1). The characteristic 
feature of cellulose is the presence of inter and intramolecular hydrogen bonds 
connecting the cellulose chains thereby forming highly crystalline regions (and 
occasional amorphous regions). The arrangement of these hydrogen bonds 
are different in polymorphs as a result of various physico-chemical treatments. 
A detailed discussion on the different polymorphs of cellulose is available in 
section 1.3 in Chapter 1. In addition to the hydrogen bonds, recently it was 
also confirmed that cellulose consists of both hydrophilic and hydrophobic 
regions (158). Therefore, it was proposed that cellulose is an amphiphilic 
compound. Cellulose being amphiphilic has its hydroxyl groups oriented 
equatorially (making it hydrophilic) and the H atoms of its C-H bonds oriented 
axially (making it hydrophobic) (15,158-163) as shown in Figure 3.1. 
 
The amphiphilic property of cellulose opens up new possibilities for 
cellulose pre-treatment. Cellulose I (native cellulose) is the most abundant and 
difficult to process polymorph without pre-treatment, whereas cellulose II is the 
most commonly used man-made form which is considered to be relatively 
easier to process (23,24,164). This easier digestibility of cellulose II could be 
due to the increased inter-planar spacing (d-spacing) as a result of weakening 
of the hydrophobic bonds (van der Waals interactions) upon regeneration from 
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solution (23,159,164,165). Cellulose II in contrast to cellulose I has an 
increased density of hydroxyl groups along the (1 -1 0) plane due to the 
stacking of its glucopyranose rings with each other by hydrophobic 
interactions, thereby resulting in increased hydrophilicity (159). Furthermore, 
a lower crystallinity index (CrI) and a higher surface area and porous volume 
of cellulose II when compared to cellulose I further supports the fact that 
cellulose II would be a better raw material for biofuel/fermentable sugar 
production than cellulose I (23,166,167).   
 
 
Figure 3.1: Hydrophillic and hydrophobic sides of Cellulose I: (a) end view of 
glucopyranose ring plane; (b), front view of glucopyranose ring plane, 
reproduced with permission from “Nature publishing group, Polymer Journal, 
Copyright 2006” (159). 
 
To access the cellulose structure better for chemical processing, 
cellulose I has to be converted to cellulose II via an efficient pre-treatment 
process such as dissolution in an appropriate solvent and regeneration. Due 
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to its amphiphilic property, cellulose I is insoluble in water, however other 
solvents such as trifluoroacetic acid, ionic liquids, onium hydroxides, molten 
salts and alkalis (15,26,28,168,169) can be used to dissolve cellulose I. Unlike 
alkalis, ionic liquids and onium hydroxides are considered as green 
amphiphilic cellulose solvents due to their negligible volatility (28,169). Upon 
dissolution, cellulose II can be precipitated by the addition of anti-solvents. 
Some commonly used anti-solvents are (hot) water, ethanol, dilute acids or 
methanol (158). 
 
Recently, Alves et al. demonstrated the amphiphilicity of onium 
hydroxides and cellulose (169). In their experiments, they dissolved 1 wt% 
cellulose in 8 wt% NaOH/H2O and 40 wt% TBAH/H2O solvent systems. Upon 
complete dissolution, the samples were subjected to dynamic light scattering. 
These measurements revealed an average particle size of 10-20 nm and 200 
nm in the TBAH system and NaOH system respectively. Furthermore, images 
from a scanning electron microscope revealed that an aqueous solution of an 
onium hydroxide (TBAH) dissolved cellulose down to the molecular level 
whereas a NaOH/water system dissolved cellulose only macroscopically. This 
suggests that an amphiphilic solvent such as TBAH could be used to 
effectively dissolve cellulose I and regenerate cellulose II. 
 
Currently, the most common method to produce fermentable sugars 
from cellulose II is via enzymatic hydrolysis (170-172). Enzymatic hydrolysis 
has been the preferred method over other methods such as microwave 
assisted hydrolysis, biological cellulose breakdown or acid hydrolysis due to 
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the high selectivity of enzymes for cellulose. Although the selectivity of 
enzymes is high, its high costs does not make it a suitable method to scale up. 
A potential low cost, environment friendly, low energy consuming method – 
photocatalysis was therefore tested in this work as an alternative to produce 
fermentable sugars from cellulose II. Photocatalysis produce OH radicals 
upon irradiation and these reactive oxygen species have been used for various 
applications such as wastewater treatment, dye degradation, microbe 
contamination control, toxin degradation and self-cleaning applications 
(37,46,48,129,130,132), in addition it has also been now extended for 
fermentable sugar production from cellulose II in this work. 
 
Photocatalytic cellulose breakdown for renewable energy production 
has not been extensively studied but only occasionally (127,128,173). This is 
due to the high crystallinity, inter and intramolecular hydrogen bonding and the 
orientation of hydrophobic and hydrophilic regions of native cellulose.  When 
cellulose II is used as a starting material, its relatively low crystallinity and high 
hydrophilicity favours hydrolysis. This hypothesis has been recently verified 
using enzymatic hydrolysis, acid hydrolysis and microwave assisted 
hydrolysis  (166,170-172,174-178), but not with photocatalysis. Hence, this 
chapter will discuss the production of fermentable sugars from cellulose I and 




3.2 Experimental procedure 
3.2.1 Materials 
MCC (cellulose I) was purchased from Acros organics, UK and 55 % 
wt/wt TBAH in water was purchased from Alfa Aesar. TiO2 P25 was purchased 
from Degussa (now Evonik industries). All the chemicals were used as 
received without further purification. Fisher brand dialysis tubing with a wall 
thickness of 28 µm and a diameter of 29.3 mm and dialysis tubing clamps 
were purchased from Fisher scientific. 
 
3.2.2 Dissolution of cellulose and regeneration 
250 mg of cellulose I was added to a glass vial containing 5 ml of TBAH 
and a magnetic stirrer bar. The vial was then capped and placed on a magnetic 
stirrer plate at room temperature. The mixture was mixed until all the cellulose 
dissolved. After complete dissolution, excess deionised water (anti-solvent) 
was added to the cellulose-TBAH solution and stirred thoroughly. Upon stirring 
for 30 minutes, regenerated cellulose started to precipitate out from the 
solution. This mixture was filtered using a filter paper and then washed with DI 
water to remove all the bound TBAH and stored in its hydrate form for further 
experiments.  
 
3.2.3 Characterisation of regenerated cellulose  
A sample volume of this cellulose II hydrate was taken and its dry 
weight was determined so as to calculate the concentration of cellulose II in 
the mixture after filtration. Cellulose II was further characterised using XRD 
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(X-ray diffraction), attenuated total reflectance - Fourier transform infrared 
spectroscopy (ATR-FTIR) and thermogravimetry (TGA) as discussed below. 
 
3.2.3.1 XRD profiles for cellulose 
XRD patterns of cellulose I and cellulose II were obtained using a 
PANalytical PW3719 powder diffractometer. A spinner cell PW3064 was used 
to capture the pattern with a step size of 0.0167113O and time per step of 
29.845 seconds. The wavelength of the X-ray radiation was 1.54 Å. The 
generator voltage and current were set at 40 kV and 40 mA. The diffraction 
pattern was recorded between the 2Θ (2 Theta) range of 5 – 50O. The 
diffraction patterns were recorded using an X’Pert data collector software. 
Once the diffraction patterns were obtained, percentage crystallinity was 
calculated as follows (167), 
 
CrI for cellulose I = 
(𝐼(200) – 𝐼𝑎𝑚𝐼)
𝐼(200)
 ×  100  .…………........…Equation 3.1 
 
CrI for cellulose II = 
(𝐼(1−1 0) – 𝐼𝑎𝑚𝐼𝐼)
𝐼(1−1 0)
 ×  100  .…………........…Equation 3.2 
 
Where I(200) is the intensity of cellulose I at 2Θ = 22.5 O, IamI is the intensity of 
cellulose I at 2Θ = 18 O, I(1 -1 0) is the intensity of cellulose II at 2Θ = 19.8 O and 
IamII is the intensity of cellulose II at 2Θ = 16 O. 
 
Bragg’s law was used to calculate the inter-planar distance which is 
also known as d-spacing. 
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λ = 2 . d . sin Θ …………………………………………………..Equation 3.3 
where λ is the wavelength of X-ray, d is the inter-planar distance (nm) and Θ 
is the angle between the plane and the incident X-ray which is calculated from 
2Θ. 
 
3.2.3.2 ATR-FTIR profiles for cellulose 
FTIR spectra of cellulose I and cellulose II were taken with a Perkin 
Elmer Spectrum One spectrophotometer fitted with an ATR attachment. The 
spectra were recorded at room temperature in the wavenumber range of 4000 
– 650 cm-1 in transmittance mode on a diamond/ZnSe crystal plate cell.  An 
average of 16 scans was taken per sample with a resolution of 4 cm-1 and the 
spectra was recorded using Spectrum 6.3.4 software. The total crystallinity 
index (TCI) was calculated from the FTIR spectra using the following equation 
(179). 
 
TCI = Intensity at 1364 cm-1/Intensity at 2892 cm-1 ………..…Equation 3.4 
 
It has to be noted that TCI does not represent the actual crystallinity of the 
samples but the relative crystallinity. 
 
3.2.3.3 Thermogravimetric analysis 
Thermal behaviour of the cellulose samples was recorded by a Mettler 
Toledo TGA/DSC 1 STARe system. Thermal profiles of 4–15 mg samples were 
recorded in the temperature range of 50 – 600 OC at a heating rate of 5 OC/min 
in air. The rate of weight loss due to temperature was determined from the 
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derivative thermogravimetric data (DTG).  STARe software was used to record 
the thermal profiles of the samples. 
 
3.2.4 Photocatalytic cellulose breakdown experiments 
All photocatalytic experiments were performed in a 250 ml Pyrex glass 
beaker with a working volume of 200 ml. The reaction volume composed of 
200 ml of 1 g/L cellulose (cellulose I or cellulose II) along with 150 mg 
photocatalyst to achieve a catalyst loading concentration of 0.75 g/L. A 
magnetic stirrer bar was placed inside the beaker and the beaker was then 
placed on a magnetic stirrer plate. A 36 W UV lamp (Philips, Cleo lamp) was 
then placed at a distance of 11 cm away from the centre of the beaker. The 
spectral output of the lamp was measured by a StellaNet spectrometer and 
the spectra is shown in Figure 2.1. The photon flux was determined to be 5.22 
× 10-1 µEinstein L-1 min -1 as measured by ferrioxalate actinometry (Appendix 
B) (180). The contents of the beaker were allowed to mix in the dark for 30 
minutes to attain equilibrium prior to illumination. 3 ml samples were collected 
every 30 minutes for 3 hours using a disposable syringe, filtered through Millex 
syringe filters with a pore diameter of 0.22 μm, accumulated, concentrated by 
freeze drying or air stripping and analysed for fermentable sugars using a high-
performance liquid chromatography (HPLC) system coupled with a refractive 
index (RI) detector. Furthermore, it should be noted that only products in the 





Another set of experiments with a similar arrangement as above was 
performed but with dialysis membrane bags immersed inside the beaker to 
instantaneously capture the fermentable sugars. In this set up, a 5 cm dialysis 
membrane bag was filled with 3 ml deionised water and immersed inside the 
beaker. After every 30 minutes for 3 hours, samples in the bags were collected 
and the bag was filled with deionised water and replaced. The experimental 
setup used for photocatalytic fermentable sugar production is depicted in 
Figure 3.2. All the experiments mentioned were performed in triplicate. 
 
Control experiments were performed in the dark with the same 
arrangement as above but in the absence of illumination. Light control 
experiments were also performed with the same arrangement but without the 
addition of a photocatalyst to the reaction mixture. 
 
 
Figure 3.2: Experimental set up photocatalytic fermentable sugar production 
(a) with dialysis bags and (b) without dialysis bags. The UV lamp was placed 




3.2.5 Fermentable sugar monitoring 
The concentrated products from cellulose photocatalysis were re-
suspended to a final volume of 1 ml using deionised water and stored for 
further analysis. 0.2 ml of this sample was mixed with 0.2 ml mobile phase (5 
mM H2SO4) and analysed in a HPLC-RI system. An Agilent 1260 infinity HPLC 
equipped with a Rezex ROA-Organic acid H+ column (300 × 7.8 mm) was 
used for analysis. The mobile phase flow rate was set at 0.5 ml/min and a 
sample volume of 10 µl was withdrawn to analyse for products. HPLC profiles 
of the respective commercial products were used as standards, which the 
unknown samples were measured against.  
 
Furthermore, the yield of fermentable sugars from the cellulose 
feedstock was calculated according to Equation 3.5. 
 
Fermentable sugar yield = 
𝑡𝑜𝑡𝑎𝑙 𝑓𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑏𝑙𝑒 𝑠𝑢𝑔𝑎𝑟𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑢𝑠𝑒𝑑
× 100 … Equation 3.5 
where total fermentable sugars produced is the sum of all glucose, cellobiose, 
galactose, fructose and anhydroglucose produced upon photocatalysis (in mg) 
and initial cellulose used was 200 mg. 
 
3.3 Results and discussion 
3.3.1 Dissolution and regeneration of cellulose 
Extraction of cellulose II from cellulose I via dissolution in TBAH and 
regeneration with DI water is shown in Figure 3.3. Upon complete dissolution 
of cellulose I, excess DI water was added to the solution and mixed for 30 
minutes. Due to mixing with excess DI water, the cellulose solution was diluted 
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and cellulose II precipitated out. Precipitation of cellulose from solution could 
be attributed to the displacement of cellulose-TBAH hydrogen bonds by water-
TBAH hydrogen bonds. Regenerated cellulose obtained from this process was 
further washed to remove the bound TBAH and further characterised using 
various techniques as discussed in the subsequent sections. 
 
 
Figure 3.3: Cellulose I dissolution and cellulose II regeneration 
 
3.3.2 XRD profiles for cellulose 
XRD profiles of cellulose I and regenerated cellulose are shown in 
Figure 3.4. The XRD profiles of cellulose II and cellulose I obtained here are 
consistent with the results reported in literature (26,169) with the significant 
peaks for cellulose I being close to ~ 22.5O, ~16O and ~ 34.5O and the peaks 
for cellulose II close to ~19.8O, ~21O and ~12.1O. The CrI for cellulose I was 
found to be 85.4 % and that of cellulose II was found to be 52.8 % as calculated 
from Equation 3.1 and 3.2. This decrease in crystallinity of cellulose II when 
compared to cellulose I was a result of the rearranged hydrogen bond network 
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which occurred due to the TBAH pre-treatment step. In addition to the CrI, 
inter-planar spacing was also calculated for the (2 0 0) planes for cellulose I 
and cellulose II. It was found that the inter-planar spacing for cellulose II was 
0.402 nm and that of cellulose I was 0.387 nm as calculated from equation 
3.3. Increased d-spacing means that the hydrophobic interactions (van der 
Waals forces) are weakened between the adjacent planes in the lattice 
(164,165). Hence it can be concluded that TBAH dissolution is an effective 
pre-treatment step to produce cellulose II from cellulose I.   
 
 
Figure 3.4: Typical XRD profiles of cellulose I (black line) and cellulose II (red 
line). 
 
3.3.3 ATR-FTIR profiles for cellulose  
The ATR-FTIR profiles of cellulose I and cellulose II are shown in Figure 
3.5. As can be seen from the figure, the intensity of cellulose I at 3330 cm-1 


































and the O(6)-H-O(3) intermolecular hydrogen bond respectively (181,182). 
These bands were not seen in cellulose II. The bands between 2800 cm-1 and 
3000 cm-1 correspond to the -CH stretching and the bands between 1200 cm-
1 to 1400 cm-1 correspond to –CH2 bending at C6 (181,183). Furthermore, the 
bands for –CO stretching at C6 and the C-O-C vibration (glycosidic bond) for 
cellulose I is at 1030 cm-1 and 897 cm-1 whereas for cellulose II they were 
shifted to 1021 cm-1 and 890 cm-1 respectively (181). 
 
 
Figure 3.5: ATR-FTIR profiles for cellulose 
 
In addition to the shifts in bands, TCI ratios for cellulose I and cellulose 
II were also calculated using equation 3.4 and were found to be 0.98 and 0.88 
respectively. A lower TCI of cellulose means that the crystallinity of the 
cellulose II sample had reduced after the TBAH pre-treatment step as a result 
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interaction. This trend obtained was consistent with the CrI calculated from the 
XRD data. 
 
3.3.4 TGA profiles for cellulose 
TGA patterns were recorded for native cellulose and cellulose II and 
shown in Figure 3.6. The thermal degradation of cellulose I was observed 
within the narrow region of 290 – 330 OC, whereas for cellulose II, the 
degradation occurred over a broad range of 160 – 350 OC. Degradation 
occurring from 100 – 160 OC in the cellulose II sample could be attributed to 
the evaporation of water. The onset temperature for thermal degradation of 
cellulose I was found to be 294 OC and that of cellulose II was found to be 168 
OC. The temperature at which maximum thermal decomposition was achieved 
for cellulose I was 318 OC and for cellulose II was 197 OC. Similar observations 
of lower onset temperature for cellulose II than cellulose I was also observed 
by Pang et al when they characterised the regenerated cellulose obtained from 
various ionic liquid treatments (184). The reason for a lower onset temperature 
and a lower maximum thermal decomposition temperature of cellulose II when 
compared to cellulose I could be due to its lower CrI (185). In addition, due to 
the higher available surface area of cellulose II as discussed earlier, more area 
is exposed for the thermal degradation to proceed (181). These distinct 
differences between the thermal degradation profiles reveal that the TBAH 





Figure 3.6: TGA profiles for cellulose I and cellulose II 
 
3.3.5 Photocatalytic fermentable sugar production 
Photocatalytic fermentable sugar production results are summarised in 
Figure 3.7. The dark and light control experiments did not yield any sugars or 
products and hence all the products produced during the subsequent 
experiments was due to photocatalysis. It is evident from Figure 3.7 that the 
amount of fermentable sugars produced from cellulose II (2.10 µM) upon 
photocatalysis is higher than that from cellulose I (0.44 µM). The yields were 
further calculated using Equation 3.5 which equates to a 0.21 % fermentable 
sugar yield from cellulose II when compared to only 0.04 % produced from 
cellulose I. This increase in fermentable sugar production could be attributed 
to the reduced crystallinity of cellulose II, rearranged inter and intramolecular 
hydrogen bonding network, increased porous volume and increase lattice 
distance (170-172). In the case as described, where both cellulose and P25 
































limitations due to mass transfer are eliminated. Hence, when P25 comes in 
contact with cellulose particles, especially cellulose II which has an increased 
lattice distance and higher porous volume, the possibility of OH radicals 
penetrating its lattice is higher than that of cellulose I thereby producing an 
increased quantity of fermentable sugars. In addition to this, all products 
including the fermentable sugars were always present in solution throughout 
the experiment and hence a part of the sugars and products could have been 
oxidised or completely mineralised.  
 
 
Figure 3.7: Fermentable sugars produced upon photocatalysis 
 
A part of the losses could also be attributed to the selectivity of the 
photocatalyst. The photocatalyst used in this process is P25, which is a 
commercially available photocatalyst often used as the benchmark amongst 
photocatalysts which is capable of producing highly oxidising OH radicals in 
addition to producing reduced superoxide radicals (Chapter 2). Superoxide 














































self-combine to form H2O2. Apart from producing these radicals, the 
photocatalytically produced electron could also combine with H+ to form 
hydrogen. In a reaction mixture containing sugars and hydrogen, there is a 
possibility of hydrogenation reaction occurring to produce sugar alcohols such 
as sorbitol from glucose. On the other hand, OH radicals produced are non-
specific and oxidise any compound in its vicinity. Therefore, the sugars 
produced could be further oxidised to other products such as acetic acid, 
formic acid, glycolaldehyde, arabinose, erythrose, dihydroxyacetone, 
dimethylfuran (DMF) and CO2 further decreasing the yield of desirable sugars.  
 
To avoid the loss of sugars, dialysis membrane bags were placed inside 
the beaker. These bags were immersed in an attempt to capture the sugars 
instantaneously upon production. Dialysis works on the principle of a 
concentration difference on either side of the membrane; i.e. when 
fermentable sugars are produced in solution in the beaker upon 
photocatalysis, due to the difference in concentration of the sugars/products 
between the beaker and the membrane bags, sugars diffuse through the 
membrane into the bag to attain equilibrium. This mechanism was utilised to 
capture the fermentable sugars and enhance their yield. Accordingly, when 
the membrane bags were installed, the fermentable sugar quantities produced 
from cellulose I and cellulose II increased to 5.07 µM and 8.64 µM which 
equates to a fermentable sugar yield of 0.43 % and 0.71 % respectively. These 
fermentable sugar yields for cellulose I increased by 91 % and for cellulose II 
increased by 70 % respectively when compared to their membraneless 
counterparts. Hence it could be concluded that installation of dialysis 
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membrane bags could effectively capture sugars and reduce the loss of 
sugars formed. 
 
There have been examples in literature where cellulose II was proven 
to be a better starting material for biofuel/fermentable sugar production than 
cellulose I as mentioned in Table 3.1. For instance, Ma et al. used aqueous 
pyrrolidonium based ionic liquids such as N-methyl-2-pyrrolidonium hydrogen 
sulfate (MPHS), N-methyl-2-pyrrolidonium dihydrogen phosphate (MPDP), N-
methyl-2-pyrrolidonium chloride (MPC) and N-methyl-2-pyrrolidonium 
methane sulfonate (MPMS) to extract regenerated cellulose from corn stalk 
for fermentable sugar production via enzymatic hydrolysis (171). Upon ionic 
liquid treatment, reduced crystallinity of cellulose II samples were confirmed 
using FTIR. Furthermore, this regenerated cellulose was subjected to 
enzymatic hydrolysis by commercial Aspergillus niger cellulase at 50 OC for 
72 hours at a pH 4.8, maintained using 0.1 M sodium citrate buffer. 
Fermentable sugars in the range of 39 - 92 % were obtained in this process. 
The hydrogen bonding capability and acidity of the ionic liquids which 
successfully removed the bound hemicelluloses and lignin in the corn stalk 
and the reduced crystallinity of the regenerated cellulose were quoted as 
reasons for the high sugar yields. In yet another example, Shafiei et al. 
dissolved either spruce wood chips or powder (5 %) in imidazolium based ionic 
liquids at 120 OC in an oil bath for varied experiment times (172). To precipitate 
cellulose II from solution, 20 ml of boiling water was added to the solution. 
Furthermore, a mixture of cellulase and β-glucosidase enzymes was used to 
perform enzymatic hydrolysis of the regenerated cellulose and untreated wood 
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chips/powder samples at 45 OC for 72 h in citrate buffer. A fermentable sugar 
yield in the range of 57 – 66 % was reported from cellulose II samples whereas 
the untreated wood samples yielded only 2 % sugars. The reason for a higher 
yield of fermentable sugars was ascribed towards the lower crystallinity of the 
raw material, cellulose II. 
 
Although the fermentable sugar yields reported in literature are multiple 
folds higher than the quantities produced in this work, it should be noted that 
the process used in this work to produce fermentable sugars was 
photocatalysis. Reported data of fermentable sugar production in Table 3.1 
have utilised highly cellulose specific, expensive enzymes, whereas the 
results reported here exploited OH radicals produced from photocatalysis. 
Since these radicals are non-specific, they also tend to breakdown the 
fermentable sugars that were produced. With continuous mixing, this loss was 
inevitable and hence this led to the installation of dialysis membrane bags to 
capture sugars. To further reduce the sugar losses, in addition to 
instantaneous removal of sugars using membrane bags, simultaneous alcohol 
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5 % cellulose dissolved in 1-
butyl-3-methylimidazolium 
chloride (BMIM-Cl) in 
temperature range of 100-120 
OC 
Various acids with the 
pKa ranging from -14.9 
to 4.8 and finally water 
to stop the reaction 
Acid hydrolysis 
using various 
acids with the pKa 
ranging from -14.9 
to 4.8 














5 % cellulose in BMIM-Cl at 
100 OC. 
Water 0.5 % HY zeolite 
catalyst added to 
the mixture and 
placed in a 
microwave reactor 
Reducing sugar 
yields in the range of 
12-48 % was 
reported 
(177) 
Table 3.1: A list of fermentable sugar yields obtained from literature 
97 
 
In addition to the fermentable sugar yields, photonic efficiencies were 
also calculated for the system. Photonic efficiency is defined as the “amount 
of products formed per litre per minute over the incident photon flux” (186). It 
has to be noted that the sugar production rate used here was calculated as an 
aggregated sugar production rate over 3 hours for each experiment. This was 
because, sugars were not quantifiable at each time point as they were below 
the detection limits of the HPLC and hence the products had to be 
accumulated and then concentrated down to measure the total sugars. The 
calculated photonic efficiencies for the production of fermentable sugar from 
cellulose I and cellulose II as feedstock in a setup without dialysis membrane 
bags was found to 0.39 % and 1.86 % respectively. Whereas, in the setup with 
dialysis membrane bags, the photonic efficiencies were found to be 4.5 % and 
7.67 % for cellulose I and cellulose II feedstocks respectively. The drastic 
increase in photonic efficiencies from the latter setup was due to the 
installation of dialysis membranes which increased the amount of fermentable 
sugars captured. 
 
A scheme of possible reactions leading to the formation of fermentable 
sugars and other products from the photocatalytic breakdown of cellulose is 
shown in Figure 3.8. Upon illumination of the cellulose – P25 suspension, OH 
radicals are produced and with the elimination of mass transfer limitations due 
to continuous mixing, these reactive oxygen species diffuse into the bulk from 
photocatalyst surface to breakdown cellulose. When the glycosidic bonds are 
broken at random lengths, higher saccharides or cellodextrins of different 
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chain lengths are obtained. These higher saccharides could further undergo 
scission and lead to the formation of cellobiose and glucose. 
 
 
Figure 3.8: Possible route of product formation upon cellulose photocatalysis 
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In addition, there is also a possibility of a one-step glucose monomer formation 
upon OH radical attack on the cellulose molecule. Glucose can isomerise in 
solution to further form either fructose or galactose or undergo a dehydration 
reaction to form levoglucosan, also known as anhydroglucose. Additionally, 
glucose could also be degraded to form a five carbon sugar – arabinose, which 
could further be degraded to form erythrose. The by-products of these 
reactions are formaldehyde and formic acid respectively. Another possible 
route of glucose degradation yields glyceraldehyde or dihydroxyacetone which 
upon dehydration leads to the formation of pyruvaldehyde. Moreover, another 
possibility is the dehydration of glucose to form hydroxymethyl furfural (HMF) 
which could then be hydrolysed to levulinic acid and formic acid. Levulinic acid 
could be further oxidised to form acetic acid and formic acid which could then 
be completely mineralised to form H2 and CO2. 
 
A range of products speculated in Figure 3.8 were produced during 
photocatalysis of the cellulose feedstocks. Total quantities of each product 
observed after the end of photocatalysis is shown in Figure 3.9. It can be seen 
from the figure that a wider range of products was produced from the 
experiments without dialysis membranes (both cellulose I and cellulose II). 
This suggests that since the sugars produced were always in solution, they 
came in contact with the illuminated P25, hence resulting in the production of 
smaller organic compounds. In the case of experiments conducted with the 
dialysis bags, however, a comparatively smaller range of products was seen. 
This could be attributed to the use of dialysis membrane bags which removed 
the sugars effectively, leaving behind only minimal sugars for further oxidation. 
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It has to be noted that the products produced were random and did not 
follow any trends and hence the kinetics of product formation could not be 
determined. To show the random product production pattern, the raw data 
determined from the experiments are enclosed in Appendix B. Furthermore, 
to clarify on whether the mobile phase used for the HPLC had any effect on 
the product formation, standard glucose samples were mixed with mobile 
phase and analysed in the HPLC-RI. No significant degradation of the sugars 
was seen nor were any products formed as a result, hence concluding that the 
mobile phase used for the analysis had minimal/negligible influence on the 
product formation. 
 
Amongst the products formed, formic acid was produced in highest 
quantities. As seen from Figure 3.8, this was due to rapid oxidation of sugars 
under continuous illumination and multiple pathways leading to formic acid 
formation. For instance, in the case of cellulose II as the raw material and the 
system without dialysis bag, the total amount of formic acid produced was 807 
µM whereas in the case of a similar set up with dialysis bags, the amount of 
formic acid produced was only 125 µM. In the former case, the produced 
sugars were present in solution along with the photocatalyst and hence 
instantaneous oxidation of sugars occur once they come in contact with the 
produced OH radicals leading to the formation of formic acid. In the latter case, 
however, the sugars produced diffuse into the membrane bags and are 
removed at continuous intervals, leaving behind a minimal quantity of sugars 
in the bulk (beaker) and hence less formic acid was observed in the set up 
with dialysis bags. Similar explanation could be given for the cases mentioned 
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above using cellulose I as the starting material where 11 µM and 14 µM formic 
acid were produced from set ups with and without dialysis membrane. It could 
hence be concluded that continuous removal of sugars is required to improve 
the sugar yield and avoid undesirable mineralisation. 
  
3.4 Conclusion 
The hypothesis of cellulose II being a better starting material than 
cellulose I for fermentable sugar production via photocatalysis has been 
verified in this work and presented in this chapter. Fermentable sugar yield 
from cellulose II was found to be 0.21 % whereas the yield from cellulose I 
was found to be only 0.04 %. When the native polymorph of cellulose was 
converted to cellulose II, the fermentable sugar yield increased by 81 %. This 
increase could be ascribed to the reduced crystallinity of cellulose II, 
rearranged inter and intramolecular hydrogen bonding network and increased 
lattice distance as seen from the XRD and FTIR results. Although the sugar 
yields improved with the conversion of cellulose I to cellulose II, it was still not 
significant when compared to enzymatic hydrolysis results from literature. This 
difference can be attributed to the non-specificity of OH radicals produced 
upon photocatalysis, which tend to oxidise the fermentable sugars in solution 
to produce undesirable products. Hence to improve the fermentable sugar 
yield, dialysis membrane bags were deployed. This increased the fermentable 
sugar yields from cellulose I and cellulose II to 0.43 % and 0.71 % respectively, 
which is an increase in yield by 91% and 70 % when compared to similar 
setups without membrane bags. Photonic efficiencies calculated for 
fermentable sugar production from cellulose II feedstock was found to be 
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higher when compared to cellulose I.  In addition, the installation of membrane 
bags improved the sugar capture leading to a further increase in photonic 
efficiencies. Furthermore, it could also be concluded that to improve the yields 
of fermentable sugars, continuous removal of sugars is necessary which could 
be made possible by effective reactor engineering, which will be the focus of 





















Chapter 4: Mixing Regime Simulation and 




Fossil fuel depletion and rising greenhouse gas emissions have 
increased the need for alternative renewable energy technologies. Along with 
solar energy, wind energy and tidal energy, biofuels could also contribute to 
global clean energy production. Biofuel production could be brought about 
from various sources such as waste vegetable oil, food waste, animal fats, 
algae and cellulose. Among these sources, cellulose is the most attractive raw 
material as it is the world’s most abundant organic material (187), however, 
cellulose cannot be used directly as a fuel and has to be converted to 
fermentable sugars which can then lead to the production of bioalcohols via 
fermentation. Conventionally, cellulose hydrolysis has been achieved through 
environmentally unfavourable, high energy consuming physico-chemical 
methods such as steam explosion, pyrolysis or acid/alkali hydrolysis (25). A 
potential new route for cellulose breakdown using photocatalysis could be an 
alternative, more sustainable method to breakdown the cellulose molecule to 
smaller carbohydrate species (173).  
 
Conventional reactors for chemical engineering are well established 
and classified, whereas photocatalytic reactor designs are still relatively new 
(52). In addition to the conventional reactor design parameters such as reactor 
geometry, mixer configuration, mode of operation (continuous or batch), 
separation efficiency, residence time, reaction selectivity, materials of 
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construction and cost, the following parameters with respect to illumination 
need to be considered while designing a photocatalytic reactor (188), 
(i) Type of illumination source 
(ii) Output power of the light source 
(iii) Spectral distribution 
(iv) Maintenance 
(v) Inclusion of reflectors, mirrors and windows 
(vi) Construction materials to facilitate light transmission 
 
Furthermore, the illumination source also influences the choice of 
materials for reactor construction. When external UV light sources are used 
for photocatalysis, expensive fused silica (quartz) is the primary choice of 
material for the reactor vessel as standard glass is not fully transparent to UV 
radiation, especially at wavelengths less than 400 nm. Pyrex glass, which is a 
cheaper alternative may, however, be used under near UV illumination (350-
400 nm) or for visible light photocatalysis. When illumination sources are 
deployed within the reactor, the unit is made of materials such as aluminium 
or stainless steel (for reflection and light distribution), however Pyrex or quartz 
lamp housing units will still be required.  
 
As previously reported in the literature, photocatalytic reactor designs 
can potentially fulfil the following objectives (119):  
(i) Improve the catalyst-to-reactant ratio and residence time, 
(ii) Increase the catalyst illumination time, 
(iii) Improve light penetration and distribution for the system, 
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(iv) Eliminate mass transfer limitations and 
(v) Increase the product production and recovery. 
 
Photocatalytic reactors can be broadly grouped under either 
suspended or immobilised photoreactors based on the platform of 
photocatalyst deployment. It is not feasible to compare the current reactor 
designs on a common scale as they have their own advantages and 
disadvantages based on their area of application (52).  
 
Simulation is a useful tool to compare various reactor configurations or 
to compare different modifications done to the same reactor design without 
having to fabricate the actual unit thereby making it valuable in engineering 
design to reduce the time and costs. The rotating machinery turbulent flow k-
ε model in COMSOL Multiphysics® 5.1 was used in this study (189). The 
reason for choosing k-ε model for the simulations are as follows,  
(i) Offers a good trade-off between accuracy and the computational 
resource requirement, 
(ii) Performs well when the pressure drop in the system is expected to be 
negligible, 
(iii) Provides an approximation of the flow patterns for a new design, such 
as the SFPR (Stacked frame photocatalytic reactor). 
 
Simulation and modelling has been reported for chemical reactions, 
multi-phase fluid flow, mixing, filtration, dialysis and other processes, (189-
194) but only a limited number of applications in photocatalytic reactors have 
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been published. Simulations focussing especially on mixing regimes in a 
reactor using COMSOL Multiphysics® have been performed in the past for 
reactor design verification and bioethanol fermentation purposes (189,194). 
Patel et al. performed simulations to determine the best possible mixing 
profiles to understand the mass transfer for a combination of either ellipsoidal 
or flat base vessel with five different impeller blade configurations (189). 
Similarly, Rana performed simulations to determine the mixing profiles of 
marine and Rushton impellers for bioethanol fermentation (194). Furthermore, 
Rana reported that marine impellers were superior in performance and cost 
efficient over Rushton impellers for bioethanol fermentation in a stirred tank 
reactor. This chapter describes the design of a novel SFPR (slurry reactor 
design) along with its mixing regime simulations of a commercially available 




4.2.1 Stacked Frame Photocatalytic Reactor (SFPR) design 
A novel SFPR was designed using FreeCAD 15.0. The SFPR design 
consists of the following parts, 
(i) Perspex frames (with and without inlet/outlet ports) 
(ii) Pyrex end plates 
(iii) Acrylic inlet and outlet port tubes 
(iv) Silicone rubber gaskets 
(v) Nylon threaded rods, nuts and washers 
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(vi) ‘Plus’ shaped magnetic stirrer bar or a stainless steel 316 grade 
impeller (8-blade Rushton impeller) 
 
Figure 4.1 shows the front view of the SFPR frames displaying the 
dimensions, M6 slots for inserting the threaded rods and the slots for holding 
the reaction mixture (cellulose + water + TiO2). The thickness of each frame 
was 10 mm and the liquid holding volume of each frame was 12 ml. All the 
silicone gaskets were of the same dimensions as the Perspex frames, except 
that the thickness was 1.5 mm. Similarly, the Pyrex end-plates were also of 
the same dimensions as the Perspex frames, except that the thickness was 
3.8 mm and there was no slot for the liquid holding volume.   
 
 




Two Perspex frames were also designed to have inlet and outlet ports 
as shown in Figure 4.2. Multiple frames were stacked together with alternating 
gaskets and sandwiched between Pyrex end plates on either side to form the 
SFPR. Threaded ports (Figure 4.3) made of acrylic tubes were further fixed to 
the inlet and the outlet ports of the frames to facilitate inflow and outflow of the 
reaction mixture. A light source could be positioned in such a way so that it 
faces the end plate adjacent to the frame with the inlet port. 
 
 
Figure 4.2: Isometric view of a frame with ports 
 
 




To facilitate mixing in the reactor, various commercially available 
magnetic stirrer bar configurations were designed to fit the liquid holding 
volume of the SFPR (Figure 4.4). Similarly, various impeller configurations 
were also designed to fit the SFPR liquid holding volume (Figure 4.5). Results, 
however from a plus shaped stirrer bar and an 8-blade Rushton impeller will 
only be discussed and hence their dimensions are as follows; the dimensions 
of the stirrer bar are 19.1 mm × 9.5 mm × 2 mm (width × height × thickness) 
and that of the Rushton impeller are 20 mm × 15 mm (total width × total height), 
4 mm × 5 mm (blade height × blade width) and a shaft diameter of 1 mm. 
 
Despite the extensive use of baffles in conventional chemical reactors, 
no baffles were installed in this assembled photocatalytic reactor. The reasons 
for this being that the baffles might block the light reaching the photocatalyst, 
avoid vortex formation thereby diminishing chances of forcing the reaction 
mixture towards the walls (and the illumination source), hence creating “dead 





Figure 4.4: Stirrer bar configurations used (a) pivot cylinder, (b) cylinder, (C) 
single sided plus, (d) plus, (e) capsule, (f) triangular wedge, (g) cross head 
plus, (h) sphere and (i) spin ring 
 
 
Figure 4.5: Impeller configurations (a) 8-broad blade, (b) 4 broad blade, (c) 
2-anchors, (d) 4-anchors, (e) 2-H shaped, (f) 4-inverted anchors, (g) angled 




4.2.2 Mixing simulation 
A flow chart on the simulation procedure is given in Figure 4.6. Firstly, 
the geometry of the fluid domain (liquid holding domain) of the SFPR was 
created in the COMSOL Multiphysics® 5.1 workspace assuming that 4 frames 
were stacked together. When 4 frames are stacked together, the liquid holding 
domain measures 40 mm × 40 mm × 30 mm (thickness × width × height) and 
has a volume of 48 ml. The inlets and the outlet ports were also created. 
Secondly, the mixer (either the stirrer bar or the impeller) was created. 
 
 
Figure 4.6: COMSOL simulation procedure 
 
Once the geometry of the system was defined, rotating machinery 
turbulent flow k-ε model with a frozen rotor study (stationary with respect to 
the reactor) was selected in COMSOL Multiphysics®. This model uses 
incompressible fluid flow and assumes Reynolds-Averaged-Navier-Stokes 
















was defined as water. Its fluid properties were defined with the density being 
1000 kg/m3 and the dynamic viscosity being 1.002 × 10-3 Pas. Then the 
rotating domains were allotted and the speed of rotation of the mixer was set 
at 1000 rpm. Subsequently, the inlet was assigned and the normal inflow 
velocity of the system was set at 0.01 m/s. The outlet for the system was then 
defined with the backflow suppressed. Finally, flow continuity was set up for 
the rotating and the fluid domains. All domains were meshed using the 
“physics controlled mesh” option provided by COMSOL Multiphysics® model 
builder and hence automatic (Figure 4.7).  
 
 
Figure 4.7: Meshing of the SFPR fluid domain hosting (a) plus shaped stirrer 
bar and (b) 8-blade Rushton impeller 
 
4.2.3 Particle tracing 
Once mixing simulation was completed, particle tracing module was 
added to the model to simulate the motion of cellulose particles in the SFPR. 
Then a new time dependent study was included in the model for particle 
tracing. A drag force node was introduced to the module where the fluid 
domain defined in the mixing simulation was chosen as the domain where the 
particles will be present. The velocity field and the dynamic viscosity from the 
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mixing simulation results were used to compute the drag force on the cellulose 
particles. The inlet and the outlet for the cellulose particles were then defined. 
The number of particles per release was assumed to be 3000. From the mixing 
simulation results, the velocity field was chosen and defined as the initial 
velocity of the particles for particle tracing. In the particle properties section, 
the density of the cellulose particles was set as 1500 kg/m3 (an average value 
obtained from literature) (196) and the particle diameter was set as 55 µm 
(obtained as an average diameter for cellulose particle from various suppliers). 
Furthermore, to use the results from the mixing simulation for the velocity field 
and to reduce the computation time for particle tracing, in the time dependent 
solver settings, the mixing simulation study was selected and included. The 
time range to compute the motion of the cellulose particles was chosen from 
0 seconds to 1 second, with a step time of 0.1 seconds to visualise the mixing 
at the initial stages. 
 
4.3 Results and discussion 
4.3.1 Mixing simulation 
Mixing simulation for the SFPR with various stirrer bar and impeller 
configurations were performed, with results in the form of slice plots, XY 
streamline plots and YZ streamline plots generated and summarised in the 
Appendix C. The results suggested that the plus shaped stirrer bar and the 8-
blade Rushton impeller had superior mixing profiles when compared to the 
other mixers. Hence the mixing profiles and particle motions of the plus 




Slice plots obtained from the mixing simulation for a plus shaped stirrer 
bar and the 8-blade Rushton impeller are shown in Figure 4.8. As seen from 
the figure, the arrows indicate the direction of fluid flow as a result of mixing 
where the size of the arrows is proportional to the fluid velocity at that point. It 
can be observed that the fluid velocity is higher (as seen from the proportional 
arrows) close to the blades of the Rushton impeller when compared to the 
walls of the stirrer bar. This observation is explained by the flat blade impeller 
exerting a relatively stronger force on the fluid than the convex walls of the 
stirrer bar. This explanation is further supported by the specific velocity 
magnitudes where the maximum fluid velocity close to the walls of the impeller 
blade and the stirrer bar is 1.2 m/s and 0.9 m/s respectively. 
 
 
Figure 4.8: Mixing profile - Slice plot of SFPR with (a) plus shaped stirrer bar 
and (b) 8-blade Rushton impeller 
 
Figure 4.9 and Figure 4.10 shows the XY and YZ streamline plots of 
the mixing profiles respectively in the SFPR with a plus shaped stirrer bar and 
the 8-blade Rushton impeller. As can be seen from the XY plot, a prominent 
circular flow is developed with the stirrer bar, however it is not the case with 
the Rushton impeller. The arrows indicate the direction of fluid flow during 
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mixing. The velocity magnitude spread across the XY plane for the stirrer bar 
is in the range of 0.2-0.4 m/s and that for the impeller is in the range of 0.1-1.2 
m/s as seen from the streamlines and the special velocity fields.   
 
 
Figure 4.9: Mixing profiles - XY streamline plot for SFPR with (a) plus shaped 
stirrer bar and (b) 8-blade Rushton impeller 
 
 
Figure 4.10: Mixing profiles - YZ streamline plot for SFPR with (a) plus 
shaped stirrer bar and (b) 8-blade Rushton impeller 
 
Furthermore, Figure 4.10 also shows that there are no obvious “dead 
layers” in both the cases, which is an indication that when particles are 
introduced in the SFPR, they will stay in suspension. The maximum fluid 
velocity in both the cases is observed close to the walls of the impeller blades 
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and the stirrer bar. Once the fluid is pushed away from the stirrer bar, the fluid 
velocity drops to 0.4 m/s along the walls of the SFPR. Whereas in the case of 
the impeller, a fully developed radial mixing pattern is observed. This 
observation is consistent with the existing literature (197-199). The fluid 
velocity close to the top centre of the SFPR is small, indicating that a tiny 
vorticity is generated when the stirrer bar is used. This conclusion is also 
supported by the XY streamline plot. In the case of the impeller, a well-
developed vorticity is seen in the middle thereby pushing the fluid towards the 
walls. In the case of a photocatalytic reactor (SFPR), when the liquid is forced 
towards the walls of the reactor, light penetration through the solution is 
significantly increased. 
 
4.3.2 Particle tracing simulation 
Particle tracing simulations for cellulose in the SFPR followed mixing 
simulations. The particle tracing simulations revealed that the motion of the 
cellulose particles in both the cases followed the fluid flow patterns initiated by 
the mixing. As a result of mixing, in both the cases, cellulose particles were 
well dispersed in the suspension. In the case of the impeller, as a result of a 
prominent vorticity developed due to agitation, the particles enter the vortex 
first along with the fluid flow and with the constant rotation of the impeller they 
are pulled closer to the blades and instantaneously pushed towards the walls. 
 
The most commonly used form of TiO2 is the P25 which has an average 
particle size of 25 nm (67), which can aggregate to form particles in the size 
range of microns or could adsorb on to the cellulose surface thereby 
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considerably increasing the combined particle size. In addition, since the 
motion of particles in the fluid domain are proportional to the fluid motion, these 
photocatalyst particles are expected to have a similar motion such as that of 
cellulose in the fluid domain. Since the particles are forced towards the walls, 
the chances of more photocatalyst particles being illuminated are higher than 
a system which offers no mixing. This mechanism also decreases the mass 
transfer limitations and will help to improve the cellulose-TiO2 particle 
interaction, thereby producing desired products.  
 
From literature, the scattering and absorption coefficients of P25 could 
be obtained which correspond to 54208 cm2 g-1 and 887 cm2 g-1 at 365 nm 
respectively (200). It should be noted that the scattering coefficient is multiple 
folds (60 times) higher than the absorption coefficient which means that the 
majority of the light extinction depends on scattering. This was also supported 
by Egerton and Tooley, who reported that when illuminated at 360 nm, TiO2 
particles of a mean size 50 nm contributed only 22% for extinction (201). They 
also reported that with the increase in particle size, scattering coefficient would 
increase. This increase could be possible in the case of cellulose-TiO2 mix in 
a SFPR. With cellulose particles being poor light absorbers (202) and with the 
possibility of TiO2-cellulose aggregate formation, the scattering coefficient for 
these particles (and aggregates) would tend to increase in the SFPR and 
would contribute to an uniform light distribution within the reactor. In addition, 
from the numbers reported in literature it is evident that minimal light 
absorption by TiO2 particles occurs and therefore would have an effect on 
photocatalysis. Hence to avoid a negative effect of minimal absorption on 
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photocatalysis, proper mixing has to be established as reported in this study. 
It should be noted that more insight on the motion of particles and radiation 
scattering could be revealed when particle-particle interaction and the particle-
radiation interaction studies are undertaken in the future. 
 
4.4 Conclusion 
Mixing profiles in the SFPR with various impeller and stirrer bar 
configurations were determined using the rotating machinery turbulent flow k-
ε model in COMSOL Multiphysics® 5.1. Simulations were performed with water 
present in the fluid domain. The mixers were set to be operated at 1000 rpm. 
The results reveal that the plus shaped stirrer bar had a circular flow with the 
highest average fluid flow velocity around 0.9 m/s whereas, the 8-blade 
Rushton impeller had a superior performance than the stirrer bar and 
produced a radial mixing profile in addition to having higher fluid flow velocity 
of 1.2 m/s.  
 
Further to the mixing profiles, particle tracing simulations were also 
performed in the SFPR using cellulose as the model particle. The drag force 
of the cellulose particles in the particle tracing were proportional to the fluid 
velocity obtained from the mixing simulations. In the cases with both the stirrer 
bar and the Rushton impeller, the particles were well dispersed, however the 
particle dispersion was superior in the case of the Rushton impeller where the 
vorticity generated during mixing pushed the particles towards the walls. A 
similar particle motion is expected with the TiO2 P25 photocatalyst due to the 
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mixing regime generated by the Rushton impeller, thereby facilitating better 
























Chapter 5: Photocatalytic Fermentable Sugar 




The need for alternative energy production has already been outlined 
in Chapter 1. With a view towards alternative energy for transportation fuels, 
researchers have always focussed on producing bioethanol. Bioethanol 
production from cellulose conventionally proceeded via the release of 
fermentable sugars from various methods such as steam explosion, ammonia 
explosion, acid/base hydrolysis, microbes and enzymes (25). The advantages 
and disadvantages of these methods are detailed in Table 1.2, Chapter 1. 
Although there were a number of methods used earlier, there is no single 
process which can fulfil the criteria of fermentable sugar production from an 
environmentally friendly, sustainable and cheap method. To overcome these 
disadvantages a new route for fermentable sugar production via 
photocatalysis was proposed in the earlier chapters. As seen from the results 
in Chapter 3, the preliminary experiments for photocatalytic fermentable sugar 
production are positive and opens new doors for more work. The fermentable 
sugar yields obtained from the preliminary experiments can be further 
enhanced with proper reactor design.  
 
Reactors for photocatalysis have been used in the past for various 
applications such as wastewater treatment, treatment of volatile organic 
compounds, toxin removal, dye degradation, killing microbes and pathogens, 
water splitting and hydrogen production (45,52,129,157,203-207). 
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Occasionally, however photocatalytic reactors have also been used to 
breakdown cellulose for the production of fermentable sugars, hydrogen and 
other value added products such as 5-HMF (127,173). Fan et al. for instance 
used a corrugated plate reactor where these plates coated with nanoporous 
TiO2 were placed in a cylindrical tube (127). This photoreactor system was 
then irradiated with a 21 W UV lamp with a peak wavelength of 254 nm upon 
the addition of 100 ml of 100 g/L cellulose dissolved in 66 % ZnCl2. Ambient 
air was bubbled into the reactor to supply oxygen. No mixer configuration was 
installed in this system. The primary product obtained from this process was 
HMF at a highest concentration of 3.8 g/L when the plates were placed at an 
angle of 42O. Glucose was also produced in the process but only as an 
intermediate product. Zhang et al. on the other hand immobilised ball-milled 
cellulose onto the surface of TiO2 and Pt-TiO2 and dispersed the composites 
in water in a gas tight photoreactor (173). The 0.3 g/L composite was irradiated 
by a 250 W iron doped halide lamp and all the O2 in the system was removed 
prior to photocatalysis. Glucose was the predominant product of the reaction, 
followed by formic acid and cellobiose.  
 
It has to be noted that in both the reported cases of cellulose breakdown 
using photocatalysis, native cellulose (cellulose I) was used as the raw 
material. In this work, in addition to cellulose I, a polymorph of cellulose - 
cellulose II was also used as feedstock for photocatalytic fermentable sugar 
production. Photocatalysis of cellulose (cellulose I and cellulose II) dispersed 
in water with P25 TiO2 was performed in a SFPR for fermentable sugar 
production. The design of the SFPR has already been discussed in Chapter 
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4. This chapter specifically discusses the production of fermentable sugars 
from cellulose in a SFPR to determine the effect of the installed mixer 
configurations on fermentable sugar production. A plus shaped magnetic 
stirrer bar or an 8-blade Rushton impeller was used for comparison purposes 
whose configuration, design and mixing profiles have already been discussed 
in Chapter 4. In addition, the effect of H2O2 addition on the production of 
fermentable sugars was also tested.  
 
5.2 Experimental procedure 
5.2.1 Materials 
Microcrystalline cellulose (cellulose I) was purchased from Acros 
organics, UK. Cellulose II was prepared in the laboratory and characterised by 
procedures detailed in Chapter 3, section 3.2.2 and section 3.2.3. TiO2 P25 
was purchased from Degussa (now Evonik industries). 30 wt% H2O2 was 
purchased from SciChem. All the chemicals purchased were used as received 
without further purification. Fisher brand dialysis membrane (3500 molecular 
weight cut-off) tubing with a wall thickness of 28 µm and a diameter of 29.3 
mm was purchased from Fisher scientific and cut to into membrane sheets 
prior use. 
 
5.2.2 SFPR Assembly 
Components of the SFPR were assembled as seen in Figure 5.1. The 
reaction chamber consisted of Perspex frames with the outer dimensions of 
80 × 70 × 10 mm (width × height × thickness). Liquid holding slots were made 
in the centre of each frame with a volume of 12 ml and dimensions of 40 × 30 
124 
 
×10 mm. Five Perspex frames alternating with silicone gaskets were stacked 
together. The silicone gaskets had the same dimensions as that of the 
Perspex frames except that its thickness was 1.5 mm. One frame at the end 
of the stack had slots for inlet and outlet. Next to this frame was placed another 
gasket followed by a Pyrex glass end plate.  
 
 
Figure 5.1: Components of the SFPR 
 
This Pyrex glass plate had the dimensions same as the frames, but its 
thickness was 3.8 mm and it had no liquid holding volume in the centre. On 
the other side of the stack was placed the dialysis membrane sandwiched 
between two gaskets. The dialysis membrane was cut to the required 
dimensions to suit the SFPR and stored in DI water prior use. The product 
chamber, sandwiched between a Pyrex end plate and the membrane stack 
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immediately followed. The frame next to this end plate had slots for inlet and 
outlet.  Once the SFPR was assembled, the stack was held together in place 
using nylon threaded rods, washers and nuts via the M6 slots made on the 
frames, gaskets and end plates. 
 
5.2.3 Photocatalytic cellulose breakdown experiments 
All photocatalytic cellulose breakdown experiments were performed in 
the SFPR with either a plus shaped magnetic stirrer bar or an 8-blade Rushton 
impeller as the mixer configuration (Figure 5.2). When the SFPR hosted a 
magnetic stirrer bar as the mixer, the reactor was placed on top of a magnetic 
stirrer plate. When the Rushton impeller was used as the mixer, the third frame 
from the membrane in the reaction chamber was replaced with a new frame 
having a 3 mm hole in the top to allow the shaft of the impeller to pass through. 
This shaft was then coupled with a Kitronik motor and operated at 
approximately 1000 rpm (no load speed). In both the cases, the reaction 
chamber composed of 55 ml of 1 g/L cellulose (cellulose I or cellulose II) and 
0.75 g/L P25 TiO2 in DI water. The product chamber which consisted of 25 ml 
DI water was separated from the reaction chamber by a dialysis membrane. 
15 minutes’ dark equilibration time was allowed before switching on the 
irradiation source. Upon dark adsorption, 20 ml of sample (marked as sample 
at time 0 minutes) from the product chamber was withdrawn and replaced with 
20 ml DI water. A 36 W UV lamp (Philips, Cleo), placed 3 cm away from the 
reaction chamber end plate was then switched on. The spectra of the lamp 
used is shown in Figure 2.1. The photon flux reaching the SFPR was 
determined to be 5.1 × 10-1 µEinstein L-1 min -1 as measured by ferrioxalate 
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actinometry (Appendix D) (180). 20 ml sample was then taken from the 
product chamber and replaced with 20 ml DI water at various sampling times 
until 180 minutes. Samples from each sample time were air stripped to 
concentrate the products down to 1 ml. Dark control and light control 
experiments were also performed with the same set up as above, except that 
for the former, the reactor was operated in dark and for the latter, the reaction 
mixture devoid of P25 was illuminated. All the experiments were performed in 
triplicates unless mentioned otherwise. 
 
Another set of dark, light and photocatalytic experiments were 
performed with both the mentioned mixer configurations with cellulose II as 
feedstock. 0.01 wt% or 0.1 wt% H2O2 was added to the reaction mixture to 
determine its effect on fermentable sugar production. Experiments involving 
H2O2 were performed in duplicates. 
 
5.2.4 Fermentable sugar monitoring 
0.2 ml of the concentrated sample was mixed with 0.2 ml of 5mM H2SO4 
(mobile phase) and analysed in an Agilent 1260 infinity HPLC-RI system. A 
Rezex ROA-Organic acid H+ column (300 × 7.8 mm) was used for analysis. 
Flow rate of the mobile phase was set to 0.5 ml/min. Sample volume of 10 µl 
was withdrawn to analyse products in the mixture. The detector temperature 
was set at 40O. Samples were measured against the HPLC profiles of 





Figure 5.2: SFPR in operation with (a) plus shaped magnetic stirrer bar and 
(b) 8-blade Rushton impeller 
  
5.3 Results and discussion 
5.3.1 Photocatalytic cellulose breakdown 
Preliminary results from Chapter 3 demonstrated that fermentable 
sugars could be produced photocatalytically from cellulose I and cellulose II. 
The highest fermentable sugar yield obtained with cellulose I feedstock (and 
dialysis membrane bags) was 0.43 % whereas with cellulose II feedstock the 
yield improved to 0.71 %. The increase in yields when compared to their 
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membraneless counterparts were 0.04 % and 0.20 % respectively. This 
enhanced yield could be attributed to the deployed dialysis membrane bags 
which were capable of capturing the fermentable sugars thereby reducing 
losses. These experiments showed the potential for photocatalytic 
fermentable sugar production from two different cellulose polymorphs, 
however the yields had to be improved.  
 
In the beaker based experiments, membrane bags deployed in the 
centre of the beaker acted as a barrier and disturbed the mixing pattern. In 
addition, these bags also blocked the light path, and resulted in a decreased 
number of photons reaching the P25 particles. Hence, to avoid such losses 
and to achieve an enhanced fermentable sugar yield, reactor engineering was 
chosen and therefore a SFPR was designed and fabricated. The primary focus 
of the SFPR design was to overcome mass transfer limitations, followed by 
improved light penetration (and absorption by P25) and effective product 
separation. To attain this, an ideal mixer configuration had to be installed. On 
this basis, various mixing configurations were designed and mixing profiles 
were simulated using COMSOL Multiphysics as mentioned in chapter 4. 
Amongst the mixer configurations, a plus shaped magnetic stirrer bar and an 
8-blade Rushton impeller were chosen as mixers due to their superior mixing 
regimes and higher achievable fluid velocity when compared to others 
(Appendix C). An increased fluid velocity would proportionally increase the 
velocity of particle in solution, which means that an improved light absorption 
by the photocatalyst could be achieved. In addition, with the presence of 
cellulose particles in suspension, increased light scattering would also occur, 
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thereby improving the light distribution in the SFPR.  From a mass transfer 
perspective, short-lived photogenerated OH radicals need to diffuse into the 
bulk to perform cellulose oxidation. This could also be achieved with the use 
of proper mixers because, the cellulose particles in suspension are forced to 
come in contact with the OH radicals due to higher particle velocity generated 
as a result of mixing. Furthermore, upon proper mixing, constant contact 
between cellulose and P25 could be achieved, which would also favour the 
photocatalytic oxidation of cellulose. Finally, from the product separation 
viewpoint, instead of membrane bags, membrane sheets were used. Since, 
the assembly of the SFPR was by stacking frames, these dialysis membrane 
sheets were sandwiched between the reaction and product chambers of the 
SFPR. Since the membrane was packed between chambers, blocking of light 
or alteration of mixing profile as seen from the beaker experiments were not 
observed. This paved the way for effective product separation as can be seen 
from the enhanced results due to photocatalysis (Figure 5.3). Dark and light 
control experiments did not yield any fermentable sugars as there was no light 
or no catalyst to initiate cellulose breakdown. 
 
Photocatalytic fermentable sugar production results (accumulated 
concentrations over a 3 hour time period) in a SFPR with two different mixer 
configurations is shown in Figure 5.3. The details on the individual quantities 
of various products produced at different sample times are shown in Appendix 
D. The photocatalytic fermentable sugar production from cellulose I and 
cellulose II with the impeller as the mixer were observed to be higher when 
compared to its magnetic stirrer bar counterparts. The corresponding 
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fermentable sugar yield with the stirrer bar configuration when cellulose I was 
used as the feedstock was found to be (5.12 µM) 1.71 %, however when 
cellulose II was used as the feedstock, the yield increased to (7.9 µM) 2.56 %. 
Similarly, when the impeller was used as the mixer configuration, the yields 
increased from (6.08 µM) 1.86 % to (8.58 µM) 2.61 %. 
 
 
Figure 5.3: Photocatalytic fermentable sugar production in a SFPR with a 
plus shaped stirrer bar or an 8-blade Rushton impeller 
 
In addition to the accumulated fermentable sugar production shown in 
Figure 5.3, other by-products produced during the process are shown in Figure 
5.4 and Figure 5.5. As can be seen from the figures, formic acid was always 
the highest produced product. This reveals that some of the fermentable 
sugars that were produced were instantaneously oxidised to smaller products 
such as formic acid or there might have bee some back diffusion happening 
from the product chamber back into the reaction chamber. This back diffusion 
could introduce the captured sugars back in the reaction chamber (to attain 


















































Figure 5.4: Various products produced during (top) cellulose I photocatalysis in a SFPR with the plus shaped stirrer bar and 






















































Stirrer bar - Cellulose I























































Stirrer bar - Cellulose II
Erythrose (uM) Acetic acid (uM) Dihydroxyacetone (uM) DMF (uM) L-Sorbitol (uM) Glycolaldehyde (uM) Arabinose (uM) Formic acid (uM)
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Figure 5.5: Various products produced during (top) cellulose I photocatalysis in a SFPR with the Rushton impeller and (bottom) 
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Impeller - Cellulose II
Erythrose (uM) Acetic acid (uM) Dihydroxyacetone (uM) Pyruvaldehyde (uM) DMF (uM) Formaldehyde (uM) L-sorbitol (uM) Glycolaldehyde (uM) Formic acid (uM)
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further seen from the figures that the products produced do not follow a trend 
but is produced randomly. This randomness is dependent on the degree of 
polymerisation of cellulose to some extent and to the non-specific nature of 
the OH radicals to some extent. This can however be controlled by optimising 
the photocatalyst, loading rate, mode of photocatalyst deployment, pH or the 
removal rates of the product from the product chamber. 
 
Particle size of cellulose II was measured before the experiments using 
a zetasizer. It was determined that the average particle size of cellulose II was 
4.4 µm and that of cellulose I was 90 µm (obtained from the material 
specifications given by the vendor). Therefore, a higher fermentable sugar 
production with cellulose II could also be attributed to its lower particle size. 
With a lower particle size and an increased surface area, the possibility of 
more OH radicals attacking the cellulose II particles in bulk would prevail, 
thereby producing higher fermentable sugars. The increase in sugar yield 
upon the use of cellulose II as feed stock for both the mixer configurations 
could also be ascribed to factors such as increased lattice distance, 
rearranged hydrogen bonding, higher porous volume and relatively lower 
crystallinity (23,159,164-167).  
 
Switching the mixer from a stirrer bar to the impeller also improved the 
sugar yield by 2 % with cellulose II feedstock. An increase in yield of 8 % upon 
switching mixers in the case of cellulose I was however observed. Cellulose I 
has amorphous regions packed at random sections along its chain. Upon 
switching to the impeller, due to improved mass transfer an increased number 
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of these amorphous regions would have come in contact with the OH 
radicals/P25 as an effect of mixing which has resulted in an increased amount 
of fermentable sugars. This demonstrates that mass transfer limitations could 
be overcome when proper mixing is offered in a photoreactor. 
 
There have been a number of studies that utilised cellulosic biomass 
as sacrificial electron donors to photocatalytically produce hydrogen using 
modified TiO2 photocatalysts (128,173,208-211). Although reported 
extensively for H2 production, one paper has reported the simultaneous 
production of fermentable sugars and H2 using Pt-TiO2 as the photocatalyst 
(173). Zhang et al. reported a maximum fermentable sugar production of 0.7 
µM in 6 hours with ball-milled native cellulose immobilised onto Pt-TiO2. In the 
results reported here, however higher quantities (6.08 µM) were produced in 
3 hours with P25 photocatalyst in the SFPR (with Rushton impeller) using 
cellulose I as the feedstock. With cellulose II polymorph, even more sugars 
were produced (8.58 µM). It has to be noted that an energy intensive ball-
milling pre-treatment step has been avoided here and instead a green and 
sustainable onium hydroxide based pre-treatment was utilised to produce 
cellulose II which proved to be a better feedstock than native and ball-milled 
cellulose. Another reason for a higher production of fermentable sugars in this 
case can be attributed to mixing (and enhanced mass transfer). As pointed out 
by the simulation results in Chapter 4, with proper mixing an increased number 




A positive effect of mixer configuration on the production of fermentable 
sugars was earlier proposed in Chapter 4. Mixing simulation results from 
Chapter 4 revealed that an 8-blade Rushton impeller when used as the mixer 
configuration in the SFPR instead of the plus shaped stirrer bar had superior 
mixing profiles. As expected, the conclusion proposed in Chapter 4 was 
experimentally verified here. A higher fermentable sugar yield obtained upon 
switching the mixer configuration to an 8-blade Rushton impeller was due to 
the higher fluid velocity and a radial mixing profile created by the impeller.  
Mixing not only helps to maintain the particles in suspension but also eliminate 
mass transfer limitations by promoting contact between P25-cellulose 
particles and enhancing the OH radical diffusion in bulk. Diffusion of OH 
radicals in bulk meant that, in addition to cellulose particles adsorbed to the 
surface sites of P25, particles in bulk could also be oxidised to fermentable 
sugars. With continuous mixing and illumination, as new desired and 
undesired products were produced, the adsorption equilibrium between 
cellulose and P25 would have been altered. Due to this alteration, there are 
chances that the produced sugars could adsorb to the P25 surface sites 
leading to the inevitable formation of unwanted products. Similar to the 
oxidation of cellulose in bulk, fermentable sugar oxidation in bulk could also 
occur due to the diffusion of OH radicals favouring the formation of more 
undesired products. This was evident with the production of smaller molecular 
weight products, especially formic acid. For example, a higher amount of 
formic acid was always detected whenever the amount of fermentable sugars 
produced at a given sample time was lower than the preceding sample. This 
means that, the sugars produced were subjected to further photocatalytic 
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oxidation leading to production of undesirable products. Some of the products 
detected in solution in addition to formic acid were acetic acid, formaldehyde, 
arabinose, dihydroxyacetone, glycolaldehyde, pyruvaldehyde, erythrose and 
DMF. A possible route of formation of these products are detailed in Figure 
3.8. 
 
5.3.2 Photocatalytic cellulose breakdown with the addition of H2O2 
Conventionally, H2O2 due to its oxidising potential (1.8 V) and non-toxic 
nature (212-214) have been used as a bleaching agent in pulp and paper 
industries to treat cellulosic (lignocellulose) biomass. This bleaching process, 
in addition to the degradation of a part of cellulose, mainly removes organic 
impurities such as lignin and hemicellulose and increases the whiteness of 
cellulose for paper manufacturing. In the field of photocatalysis a number of 
papers have reported an increase in efficiency of photocatalytic oxidation due 
to the addition of H2O2 to the reaction mixture (36,56-60,62,215). These 
reactions include the degradation of various organic contaminants, microbial 
toxins, dyes and wastewater.  
 
The amount of fermentable sugars produced from the photocatalytic 
cellulose II breakdown with the addition of H2O2 is summarised in Table 5.1. 
When the initial H2O2 concentration was 0.01 %, the amount of fermentable 
sugars produced during the photocatalytic experiments were the highest, 
followed by the light control and finally the dark control experiments with the 
plus shaped stirrer bar as the mixer. Cellulose oxidation in the dark to 
fermentable sugars could be due the formation of OH radicals via the catalytic 
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decomposition of H2O2 on TiO2 (216). During the light control experiments, 
however UV photolysis of H2O2 occurs (R 1.22) producing stronger oxidants 
in the form of OH radicals (60,62,215,217,218). These OH radicals tend to 


















stirrer bar  
0.69 ± 0.49 0.22 
Light control 1.9 ± 0.66 0.64 
Photocatalysis 9.56 ± 4.01 3.15 
Dark control 8-blade 
Rushton 
impeller 
3.89 ± 1.23 1.27 
Light control 4.02 ± 0.95 1.32 
Photocatalysis 6.43 ± 1.76 1.98 






















Photocatalysis 26.25 ± 1.98 8.84 
Table 5.1: Fermentable sugar production in the SFPR from cellulose II with 
the addition of H2O2 
 
During photocatalysis, in addition to photolysis (R 1.22), H2O2 also acts 
as an electron acceptor to improve the electron-hole charge separation 
thereby preventing recombination and producing OH radicals as shown in 
reaction R 1.23. Furthermore, H2O2 also reacts with the superoxide radical to 
form OH radicals (R 1.24). Besides photocatalytic OH radical production, H2O2 
also contributes to an increased formation of OH radicals as mentioned 
(60,62,215,217,218) thereby producing the highest amount of fermentable 
sugars upon photocatalysis. Fermentable sugar yield from this process was 
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calculated to be 3.15 % which was found to be 18.7 % higher than sugars 
produced from a similar set up without any H2O2. 
 
When the concentration of H2O2 was increased 10 times to 0.1 %, the 
amount of fermentable sugars produced during the light control was the 
highest followed by the dark control and photocatalytic experiments. Highest 
amount of fermentable sugars from light control experiments could be 
explained due to the enhanced OH radical production due to the photolysis of 
a higher concentration of H2O2 (R 1.22). During photocatalysis in the presence 
of a higher concentration of H2O2, however there are three possibilities that 
could lead to the loss of fermentable sugars, namely; 
(i) oxidation of fermentable sugars to undesirable products 
(ii) hole scavenging by H2O2 (R 1.25 and R 1.26) (56) 
(iii) OH radical scavenging by H2O2 (R 1.27) (56) 
 
Oxidation of fermentable sugars to undesirable products is a possible 
reason for a part of the sugar loss. This is because, a range of glucose 
degradation products such as anhydroglucose, formaldehyde, 
dihydroxyacetone, acetic acid and formic acid were detected in the product 
mixture. In a few instances DMF, glycolaldehyde, furfural, arabinose and 
erythrose were also witnessed.  
 
A decrease in efficiency of photocatalytic oxidation have been reported 
in the presence of a higher concentration of H2O2 in solution (59,60). This 
could either be due to the scavenging of holes or OH radicals by H2O2 present 
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in a higher concentration in solution. Scavenging of holes by H2O2 can occur 
via two reactions (R 1.25 and R 1.26) which could lead to the production of a 
weaker oxidising species - the hydroperoxy radical, oxygen and protons 
(56,58-60,62). In addition, OH radical scavenging could also occur in solution 
as mentioned in reaction R 1.27 leading to the formation of water and 
hydroperoxy radical (oxidation potential of 1.06 V) (61). These HO2. radicals 
further combine with hydroxyl radicals to form water and oxygen (R 1.28).  
Hence due to these reactions, the yield of fermentable sugars produced upon 
photocatalysis with the addition of H2O2 was 14.1 %, which was lower than the 
light control experiments (24.34 %). Although the yields were lower than the 
light control experiments, it was still higher than the yields obtained from 
setups with 0.01 % and no H2O2 by 77.65 % and 81.84 % respectively. The 
effect of an even higher concentration of H2O2 beyond 0.1 % was not tested, 
because a decrease in yield was already observed with increasing the H2O2 
concentration from 0.01 % to 0.1 %. Similar trend of lower photocatalytic 
degradation rates with the increase in concentration of H2O2 was reported by 
Wong and Chu (60) who performed H2O2 assisted photocatalytic degradation 
of alachlor using TiO2 under UV irradiation and Cornish et al. , who performed 
photocatalytic degradation of microcystin-LR over UV illuminated TiO2 (57). 
 
In the case of Rushton impeller as the mixer in the SFPR, with a 
concentration of 0.01 % H2O2 in solution, the amount of fermentable sugars 
produced in the dark was the lowest followed by the light control experiments 
and then the photocatalytic experiments. When the concentration of H2O2 was 
increased to 0.1 % the amount of fermentable sugar produced was lowest 
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photocatalytically, followed by the dark control and the light control. The sugar 
production trends observed were similar to that as the stirrer bar setups but 
the yields were multiple folds higher with the impeller. This could be attributed 
to better mixing profile and higher fluid velocity generated by the impeller to 
overcome the mass transport limitations when compared to the stirrer bar. In 
addition, the material of construction of the impeller – stainless steel grade 
316 interfering with photocatalysis also play a role in enhanced sugar 
production. Stainless steel is an iron based alloy which also contains small 
amounts of manganese, chromium and nickel. All these metals are capable of 
catalysing the decomposition of H2O2 producing OH radicals (219) (R 1.11). 
Reaction R 1.11 represents a typical Fenton’s or Fenton’s like reaction where 
H2O2 is decomposed on transition metal leading to the formation of OH 
radicals. When reaction R 1.11 occurs in the presence of a suitable light 
source (UV light in this case), it is termed as photo-Fenton’s reaction. Due to 
the interference of these metals with H2O2 during the dark control, light control 
and photocatalytic experiments, the yield of fermentable sugars was 
influenced by Fenton’s and photo-Fenton’s reactions. 
 
5.3.3 Photonic efficiency  
Photocatalytic photonic efficiencies for fermentable sugar production in 
the SFPR was calculated in addition to the fermentable sugar yields and the 
results are summarised in Table 5.2. Photonic efficiency is defined as the 
“amount of products formed per litre per minute over the incident photon flux”. 
The photonic efficiencies for the production of fermentable sugar in the SFPR 
with cellulose I and cellulose II as feedstock and stirrer bar as the mixer 
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configuration was calculated to be 5.64 % and 8.7 % respectively. Whereas, 
switching the mixer configuration to the impeller enhanced the photonic 
efficiencies to 6.69 % and 9.45 % for cellulose I and cellulose II feedstocks 
respectively. As the photonic efficiencies calculated were based on the 
fermentable sugars produced, these efficiencies followed a similar trend as 









Cellulose I photocatalysis 5.64 




Cellulose I photocatalysis 6.69 
Cellulose II photocatalysis 9.45 
Table 5.2: Photonic efficiencies for fermentable sugar production from the 
SFPR 
 
The increase in photonic efficiencies with cellulose II feedstock in 
general could be attributed to its rearranged structure as compared to 
cellulose I which favoured the higher production of fermentable sugars as 
detailed in chapter 1 and chapter 3. The increase in photonic efficiencies with 
the change in mixer configuration from the stirrer bar to the impeller could be 
attributed to the better mixing profile (radial mixing) and higher fluid (particle) 
velocity offered by the impeller. Photonic efficiencies could not be calculated 
for the H2O2 based systems because, the fermentable sugars produced were 
not a result of photocatalysis alone, but a combined result due to the photolysis 
of H2O2, photocatalysis, Fenton’s reaction, photo-Fenton’s reaction and 




5.3.4 Possible mechanism of fermentable sugar production from 
photocatalytic cellulose breakdown 
A scheme of possible products formed as a result of photocatalytic 
cellulose breakdown is already mentioned in Figure 3.8. The possible 
mechanism of cellulose degradation specific to fermentable sugars produced 
is however mentioned here. The fermentable sugars produced during the 
process were cellobiose, glucose, fructose, galactose and anhydroglucose. 
Upon photoexcitation of P25, the produced OH radicals would attack the 
glycosidic bonds in cellulose leading to the release of oligosaccharides and 
cellulose radical. If the OH radical attack the glycosidic bonds of the end 
anhydroglucose unit, a glucose molecule is directly formed (Figure 5.6). The 
cellulose radical formed would further react with OH radicals and water 
subsequently to form cellulose with a lower degree of polymerisation than the 
initial cellulose. This cellulose would further be subjected to OH radical attack 
with continuous illumination forming more fermentable sugars.  
 
 
Figure 5.6: Photocatalytic cellulose breakdown for the production of glucose 
 
Glucose produced in this reaction would be isomerised to fructose as 
reported by Marianou et al., who observed the isomerisation over TiO2 and 
other heterogeneous catalysts (220). In addition, the produced glucose could 
also epimerise to form galactose. Epimerisation of glucose to galactose has 
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been reported earlier in biological systems by Topper and Stetten Jr in 1951 
(221).  
 
Additionally, glucose has a higher affinity towards P25 and adsorbs to 
its surface (222). Therefore, due to the presence of both basic and acidic 
surface sites on P25, isomerisation of glucose to fructose and dehydration of 
to HMF occurs (223), leading to the loss of glucose. Furthermore, OH radical 
attack on cellulose is random and could be on any position on the hexose ring. 
For example, Figure 1.6, Figure 1.7and Figure 1.8 in section 1.6.2 could be 
referred to see the products formed, when OH radical attacks C1, C4 and C5 
of the ring respectively. Nevertheless, the position of OH radical attack, 
glucose is always formed. According to the mechanism speculated here, it 
seems like a large quantity of glucose could be produced from photocatalysis, 
however since OH radicals are non-specific, the oxidise everything that they 
come in contact with. Hence, a loss of valuable glucose is seen.  
 
5.4 Conclusion 
The effect of two mixer configurations, namely, the plus shaped stirrer 
bar and an 8-blade Rushton impeller on the production of fermentable sugars 
from cellulose I and cellulose II via photocatalysis was tested. Photocatalytic 
fermentable sugar production in the SFPR with the Rushton impeller was 
always higher when compared to the stirrer bar counterpart regardless of the 
cellulose polymorph used as the raw material. This could be attributed to the 
higher fluid velocity, radial mixing pattern and better mass transport achieved 
due the impeller. Amongst the feedstock used, cellulose II was found to be the 
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superior raw material for fermentable sugar production (2.61 %) due to its 
relatively lower crystallinity, higher porous volume, rearranged hydrogen 
bonding and increased lattice distance. To further improve the yield of 
fermentable sugars from cellulose II, photocatalytic experiments were 
conducted in the SFPR with the plus shaped stirrer bar as the mixer with the 
addition of H2O2 (0.01 % or 0.1 %). The addition of 0.01 % of H2O2 increased 
the sugar yield to 3.15 % and when the concentration of H2O2 was increased 
to 0.1 % the sugar yield drastically increased to 14.1 %. This could be ascribed 
to an improved charge carrier separation facilitated by H2O2 and an increased 
amount of OH radicals produced from the photolytic decomposition of H2O2 
and it reactions with the conduction band electrons or superoxide radical. 
When these H2O2 based experiments were performed in the SFPR installed 
with the Rushton impeller as the mixer, the sugar yields were influenced by 
Fenton’s and photo-Fenton’s reactions in combination with photocatalysis. To 
avoid such interferences and determine the true fermentable sugar yields, a 
Teflon coated Rushton impeller could be used in place of the existing impeller. 
Calculated photonic efficiencies in the SFPR without the addition of H2O2 was 
higher with the impeller configuration when compared to the stirrer bar 
configuration. The calculated photonic efficiencies with the addition of H2O2, 
however followed inverse trends.  An even higher yield of fermentable sugars 
production could be achieved when the effect of pH and the effect of loading 
concentration of P25 and cellulose II are optimised. From an engineering 
perspective, the effect of immobilised P25 on fermentable sugar production 




Chapter 6: Conclusion 
 
6.1 Conclusion 
Globally, the need for alternate energy production is increasing due to 
the over utilisation of fossil fuels coupled with the emission of harmful 
greenhouse gases. This problem was introduced in Chapter 1 followed by the 
current alternatives to fossil fuels. These alternatives include electricity from 
solar, wind and hydroelectricity and biofuels. Biofuels are potential alternatives 
to the present transportation fuels. Biofuels, especially bioethanol could be 
produced by the fermentation of glucose. Glucose, however is not abundant 
but a glucose homopolysaccharide – cellulose is widely available. Native 
cellulose (cellulose I) has a complex structure due to its amphiphillicty and 
inter and intramolecular hydrogen bonding network. This complex structure 
hinders its chemical processing. To utilise cellulose to the fullest, cellulose II 
which is a superior polymorph could be utilised. Cellulose II could be produced 
by dissolving cellulose I in appropriate amphiphilic solvents such as ionic 
liquids, aqueous NaOH or onium hydroxides and regenerating cellulose II from 
solution with the addition of a range of antisolvents. 
 
Cellulose breakdown for fermentable sugar release have always been 
conducted with energy intensive, expensive and environmentally harmful 
physico-chemical or biological methods, this work however used 
photocatalysis as an environmentally friendly, cheap alternative. 
Photocatalysis of cellulose has only been studied occasionally for the 
146 
 
production of hydrogen, HMF or rarely glucose. When the parameters 
influencing photocatalysis are optimised, glucose production could be 
focussed extensively. The factors affecting photocatalysis were also detailed 
in Chapter 1, which led to the research aims of this project.  
 
The aim of this project was to produce fermentable sugars from 
cellulose using photocatalysis. This was achieved by first screening suitable 
photocatalyst materials based on their oxidising ability (OH radical producing 
capability). Secondly, the best photocatalyst was chosen to perform 
photocatalytic cellulose breakdown. Thirdly, to improve the yields a 
photocatalytic reactor was designed and fabricated for photocatalytic 
fermentable sugar production.  
 
Chapter 2, exclusively focussed on screening various photocatalysts 
based on their OH radical producing capability. OH radicals produced upon 
illumination of the photocatalysts were quantified indirectly using a probe. The 
probe in this case was coumarin, which reacts with OH radicals and forms 
hydroxylated products. One of the hydroxylation products is 7-
hydroxycoumarin, which could be quantified using a fluorimeter. Based on 
stoichiometry, amount of OH radicals produced was then calculated. Amongst 
the tested photocatalysts, LaCr-SrTiO3, Cr-SrTiO3 and yellow TiO2 were 
incapable of producing OH radicals predominantly due to their band gap, VB 
and CB positions. Highest rate of OH radical production was achieved with 
TiO2 P25 followed by Pt-C3N4 and WO3. P25 was the only UV illuminated 
photocatalyst whereas the other materials were irradiated using visible light.  
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Chapter 3 discussed the use of highest OH radical producing 
photocatalyst (P25) for photocatalytic cellulose breakdown. A simple setup 
was utilised where the P25 particles were dispersed in DI water along with 
cellulose I in a Pyrex beaker and illuminated. The fermentable sugar yield and 
photonic efficiencies were calculated to be 0.04 % and 0.39 % respectively. 
When cellulose II was however used as the feedstock, the respective yields 
increased to 0.2 % and 1.86 %. The increase in yields could be attributed to 
the rearranged inter and intramolecular hydrogen bonding, increased lattice 
distance, reduced crystallinity and increased porous volume of cellulose II. To 
further enhance the yields and avoid fermentable sugar losses, dialysis 
membrane bags were installed. Installation of membrane bags improved the 
fermentable sugar yields from cellulose I and cellulose II to 0.43 % and 0.71 
% respectively. Respective photonic efficiencies also enhanced and were 
calculated to be 4.5 % and 7.67 % respectively. 
  
Chapter 4 focussed on the design of a photocatalytic reactor – the 
SFPR. In addition, a range of mixer configurations were also designed to suit 
the SFPR. Mixing profiles of these mixers in the SFPR were simulated using 
COMSOL Multiphysics 5.1. Upon the completion of mixing profile simulation, 
particle tracing simulations were also performed using the properties of 
cellulose particles. Finally, it was determined that an 8-blade Rushton impeller 
offered better mixing regimes (radial mixing) and higher fluid velocities when 
compared to the plus shaped magnetic stirrer bar. The conclusion of this 
chapter proposed that, upon illumination of cellulose-P25 mixture in a SFPR 
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with an appropriate mixer configuration would yield a higher amount of 
fermentable sugars when compared to a system that offers no mixing.   
 
Based on the simulation results from Chapter 4, SFPR and an 8-blade 
Rushton impeller was fabricated and commercially available plus shaped 
magnetic stirrer bar was purchased. Assembly and operation of the SFPR for 
the production of fermentable sugars with various mixer configurations was 
discussed in Chapter 5. The SFPR when operated with the stirrer bar as the 
mixer and cellulose I as the feedstock yielded 1.71 % fermentable sugars at a 
photonic efficiency of 5.64 %. When the feedstock was switched to cellulose 
II, the respective yields increased to 2.56 % and 8.70 %. The SFPR when 
operated with the impeller as mixer and cellulose I as the feedstock produced 
1.86 % sugar yield and 6.69 % photonic efficiency. With cellulose II as the 
feedstock in the same setup, the yields increased to 2.61 % and 9.45 % 
respectively. Higher sugar yield obtained from the SFPR using an impeller as 
the mixer was due to the radial mixing profile generated by the mixer. With 
such a mixing pattern, an increased number of P25 particles are illuminated. 
This chapter hence experimentally verified the simulation results reported in 
Chapter 4. 
 
Furthermore, to improve the photonic efficiencies and sugar yields 
further, H2O2 was added to the photocatalytic mixture containing cellulose II 
and P25 with either the stirrer bar or the impeller as the mixer.  Addition of 
0.01 wt% H2O2 to the SFPR (with the stirrer bar) yielded 3.15 % fermentable 
sugars. When the concentration of H2O2 was increased 10 times, the yield 
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enhanced to 14.1 %. The respective photonic efficiencies were also calculated 
to be 10.53 % and 52.66 % respectively. With the impeller, however the sugar 
yields were influenced by the material of construction, stainless steel grade 
316. Since stainless steel is an iron alloy, that also consists of Ni, Cr and Mn, 
which initiated Fenton’s and photo-Fenton’s reactions with the addition of 
H2O2. Hence the sugars produced was a combined result of photo-Fenton’s 
and photocatalysis.  The sugar yields and photonic efficiencies were also 
found to be lower in this case. This was due to the over production of OH 
radicals which were scavenged by the H2O2 present in solution.  
 
6.2 Future work 
6.2.1 Photocatalysts, illumination and OH radical production 
A range of visible light photocatalysts were tested based on their OH 
radical producing capability and compared against the commercial P25 
standard under UV illumination in Chapter 2. The results revealed that no 
photocatalyst could achieve OH radical production rates similar to P25. To 
make photocatalysis energy efficient, it would be better to utilise natural solar 
irradiation as the source of illumination. To accomplish this, effective visible 
light absorbing photocatalysts have to prepared and their OH radical 
production rates has to be determined and compared to P25. Only by 
comparing the rates against P25, the efficiency of a new photocatalyst and its 
suitability for photocatalytic oxidation could be determined. Addition of small 
quantities of H2O2 to the coumarin probe solution could also be conducted to 




In addition, from a process integration perspective, solar radiation could 
be harvested via solar panels as electricity and used to power an UV lamp to 
illuminate a P25 based reaction mixture. The use of low power UV light 
sources such as LED’s could also be considered as an alternative to make 
photocatalysis less energy intensive. 
 
6.2.2 COMSOL multiphysics simulation 
Simulation is a useful tool which aids in understanding an engineering 
design. As discussed in Chapter 4, the mixing profiles and particle tracing 
profiles were determined from the simulation results. To further understand 
the photocatalytic process, scattering and absorption of light inside the reactor 
and its interaction with cellulose particles have to be studied. This could be 
accomplished using COMSOL’s inbuilt ray optics module which helps in 
visualising the light path in the SFPR.  
 
6.2.3 Improving fermentable sugar yield 
From an illumination point of view, effect of CPI on the production of 
fermentable sugars has to be tested. CPI has been successfully used in the 
past to achieve enhanced oxidation rates. CPI could potentially improve the 
sugar yields because, the loss of valuable OH radicals upon its scavenging by 
H2O2 due to its overproduction could be avoided. Recombination of VB holes 
and CB electrons could also be greatly reduced upon CPI. 
 
The use of a dialysis membrane to separate the reaction and product 
chambers in the SFPR improved the sugar yields and separated the 
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photocatalyst-cellulose mixture from the products. Due to the principle of 
osmosis, sugars could still diffuse back into the reaction chamber and get 
oxidised. To avoid these losses, solution from the product chamber has to be 
continuously removed instead of removal in batches at regular time intervals. 
The effect of P25 loading concentration, cellulose II concentration, pH and 
light intensity on fermentable sugar production also has to be tested to further 
optimise the sugar yields.  
 
In terms of material of construction, the impeller has to be fabricated 
with Perspex and tested for fermentable sugar production in the presence of 
a range of H2O2 concentrations. This would reveal the sole effect of H2O2 on 
photocatalytic fermentable sugars without the interference from photo-
Fenton’s reactions. If the designs of the inlet and outlet for the reaction and 
product chambers are updated, a gas tight SFPR could be obtained. This 
would facilitate the monitoring of gases during the reaction, thus giving an 
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Characterisation of photocatalysts was performed by our collaborators 
at University of St. Andrews, Fife, UK. WO3, LaCr-SrTiO3 and Cr-SrTiO3 were 
characterised by X-Ray diffraction (XRD) and UV-Visible absorption. XRD 
analysis of powders was examined on a SToe STADI/P powder diffractometer. 
Incident radiation was generated using a Cu kα source (λ=1.54056 Å). Diffuse 
reflectance spectra were collected on a JASCO-V550 UV-visible 
spectrophotometer. The characterisation of Pt-C3N4 and yellow TiO2 has been 
reported elsewhere in literature (65,144). 
 
Results 
XRD patterns of WO3, Cr-SrTiO3 and LaCr-SrTiO3 samples were 
determined as shown in Figure A 1. The commercial WO3 nanoparticles 
exhibited a typical crystallized monoclinic phase structure, and the Cr-doped 
and La,Cr-co-doped SrTiO3 samples possessed homogeneous crystallized 
cubic perovskite structures, with no impurity phase found for either of the 
doped samples and these results were consistent with literature (224,225). In 
the co-doped samples, since La and Cr substitute the Sr and Ti, respectively, 
and the radius of La is similar with that of Sr while the radius of Cr was similar 
to that of Ti, the peak positions of the Cr-SrTiO3 and LaCr-SrTiO3 samples are 




In the UV−visible absorption spectra of WO3, Cr-SrTiO3 and LaCr-
SrTiO3 shown in Figure A 2, WO3 exhibited visible light absorption up to 470 
nm, which corresponds to the band-gap energy of ca. 2.64 eV. SrTiO3, 
however, has no absorption in the visible light region (band gap of 3.75 eV) 
and metal-doping has been shown to be a feasible method for extending the 
light absorption of SrTiO3 into the visible region (226). Doping of Cr into the A-
site of SrTiO3 induces an absorption band in the visible region centred at 
around 450 nm. The visible light absorption is ascribed to the electron 
excitation from the Cr doping levels formed above the valence band of SrTiO3 
to the conduction band of SrTiO3 (66). It was reported that La, Cr- co-doped 
SrTiO3 showed enhanced photocatalytic performance compared to the single 
Cr-doped SrTiO3 due to the inhibition of the formation of Cr6+ species in the B 
site (66).  Therefore, a co-doped sample, LaCr-SrTiO3 was prepared by the 
same method. The visible light absorption of LaCr-SrTiO3 was significantly 
enhanced compared to the Cr-SrTiO3, with two strong absorption peaks 
centred at around 450 nm and 650 nm in the visible light region. In the case 
of co-doping, more intermittent doping levels are formed within the band-gap 

































































































Appendix B: Actinometry experiments and 
raw data of accumulated products quantified 
with the HPLC 
 
Actinometry experiments were performed using a method proposed by 
Hatchard and Parker (180). 
 
Materials 
 Sodium acetate, iron (II) sulphate heptahydrate, 1,10-phenanthroline 
monohydrate and concentrated sulphuric acid were purchased from Sigma-
aldrich, UK. Potassium ferrioxalate was purchased from Alfa-aesar, UK. All 
chemicals were used as received without further purification. 
 
Calibration of Fe2+ concentration 
Sodium acetate buffer solution was prepared by mixing 49.2 g of 
CH3COONa in 600 ml DI water and 360 ml of 1N H2SO4 and diluting to a final 
volume of 1 L by DI water. A solution of 0.4x10-6 M iron(II) sulphate in 0.1 N 
H2SO4 was also prepared. 110 mg of 1,10-phenanthroline monohydrate, a 
complexing agent was dissolved in 100 ml of water to make a solution of 0.1 
wt% 1,10-phenanthroline monohydrate and stored in the dark. 0, 1.25, 2.5, 
3.75, 5.0 and 6.25 ml of 0.4x10-6 M FeSO4 in 0.1 N H2SO4 were added to 6 
dark bottles. 1.25 ml of 1 N H2SO4 and 6.25 ml of sodium acetate buffer 
solution were then added to each bottle. Finally, 2.5 ml of the prepared 1,10-
phenanthroline monohydrate was added each bottle to prepare Fe2+ 
concentrations from 0 to 0.182 µM. These solutions were let to react in dark 
for 45-55 minutes to allow the Fe2+-phenanthroline complex to develop. 1 ml 
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of sample was drawn from each bottle and analysed in a CARY 300 UV-vis 
spectrophotometer at 510 nm. From the absorbance values obtained, a 
calibration graph was plotted (Figure B 1). 
 
 
Figure B 1: Fe2+ calibration graph 
 
Actinometry procedure 
Ferrioxalate solution was prepared by dissolving 2.948 g of potassium 
ferrioxalate in 10 ml of 1N H2SO4 and diluting the solution to a final volume of 
100 ml with water in dark. 10 ml of 1N H2SO4 and 90 ml of DI water was then 
to this solution which was placed in the same 250 ml beaker used for 
photocatalytic fermentable sugar production experiments. This beaker was 
placed 11 cm away from the illumination source. Upon illumination, 1 ml 
sample was taken from the beaker at 1, 5 and 10 minutes of irradiation. The 
sample was then mixed with 0.5 ml sodium acetate buffer solution and 2 ml of 
0.1 wt% 1,10-phenanthroline monohydrate and diluted to 50 ml with water in 
a dark bottle. Upon allowing a 45-55 minutes’ reaction time in the dark, 1 ml 




























of sample from each dark bottle was then withdrawn and its absorbance was 
measured using a CARY 300 UV-vis spectrophotometer at 510 nm. 
 
Calculations 
To calculate the photon flux, the number of moles of Fe2+ has to be first 
calculated using equation B1. 
 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐹𝑒2+ =  
𝑉1𝑉3𝐴
𝑉2𝜖𝐿
 …………………………………………. Equation B1 
where, V1 is the total volume of the irradiated solution (L), V2 is the volume of 
the sample taken (L), V3 is the final volume of the diluted sample (L), 𝜖 is the 
molar absorptivity of Fe2+ calculated from the slope of the calibration curve. 
(mol/L), L is the cell path length (1 cm) and A is the absorbance value of the 
sample at 10 minutes. 
 
Photon flux could then be calculated using equation B2. 
 
(𝑃ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥) =  
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐹𝑒2+
𝜎𝐹𝑒2+𝑡
 …………………………………. Equation B2 










Raw data from HPLC 
Concentration of accumulated products as quantified with the HPLC and the 
calculated actual concentration of the products are shown in the following 
tables (Table C1, Table C2, Table C3 and Table C4). 
 
Replicate 1 2 3 
Volume of accumulated sample 18 ml 
Concentration of glucose from HPLC 
(g/L) 
8.46E-04 - 6.08E-04 
Concentration of Fructose from HPLC 
(g/L) 
- 4.04E-04 - 
Concentration of Acetic acid from 
HPLC (g/L) 
2.17E-03 1.89E-03 5.59E-03 
Concentration of anhydroglucose 
from HPLC (g/L) 
4.38E-04 1.72E-03 2.17E-03 
Concentration of DMF from HPLC 
(g/L) 
1.86E-03 - - 
Concentration of Formic acid from 
HPLC (g/L) 
- 1.87E-02 3.50E-02 
Concentration of Formaldehyde from 
HPLC (g/L) 
- - 3.12E-03 
Concentration of Dihydroxyacetone 
from HPLC (g/L) 
- - 9.99E-04 
    
Glucose (uM) 0.17 - 0.12 
Fructose (uM) - 0.08 - 
Acetic acid (uM) 1.30 1.14 3.35 
Anhydroglucose (uM) 0.10 0.38 0.48 
DMF(uM) 0.70 - - 
Formic acid (uM) - 14.60 27.37 
Formaldehyde (uM) - - 3.74 
Dihydroxyacetone (uM) - - 0.40 
Table C1: Raw data of accumulated products formed during cellulose I 












Replicate 1 2 3 
Volume of accumulated sample 18 ml 
Concentration of glucose from HPLC 
(g/L) 
- 3.78E-03 2.86E-03 
Concentration of cellobiose from 
HPLC (g/L) 
- 2.20E-03 3.09E-03 
Concentration of Fructose from 
HPLC (g/L) 
9.17E-03 6.26E-03 4.96E-03 
Concentration of Acetic acid from 
HPLC (g/L) 
3.77E-02 5.84E-02 4.42E-02 
Concentration of anhydroglucose 
from HPLC (g/L) 
- 4.90E-04 - 
Concentration of DMF from HPLC 
(g/L) 
4.21E-03 1.48E-03  
Concentration of Formic acid from 
HPLC (g/L) 
1.05E+00 1.12E+00 9.26E-01 
Concentration of Glycolaldehyde 
from HPLC (g/L) 
- 8.30E-03 6.46E-03 
Concentration of Arabinose from 
HPLC (g/L) 
- 9.60E-04 4.81E-04 
Concentration of Galactose from 
HPLC (g/L) 
- 6.49E-04 4.68E-04 
Concentration of Erythrose from 
HPLC (g/L) 
- - 2.31E-03 
Concentration of dihydroxyacetone 
from HPLC (g/L) 
- 1.18E-02 1.08E-02 
    
Glucose (uM) - 0.76 0.57 
Cellobiose (uM) - 0.23 0.33 
Fructose (uM) 1.83 1.25 0.99 
Acetic acid (uM) 22.64 35.04 26.51 
Anhydroglucose (uM) - 0.11 - 
DMF(uM) 1.58 0.55 - 
Formic acid (uM) 820.70 875.29 724.69 
Glycolaldehyde (uM) - 4.98 3.87 
Arabinose (uM) - 0.23 0.12 
Galactose (uM) - 0.13 0.09 
Erythrose (uM) - - 0.69 
dihydroxyacetone (uM) - 4.73 4.32 
Table C2: Raw data of accumulated products formed during cellulose II 








Replicate 1 2 3 
Volume of accumulated sample 18 ml 
Concentration of glucose from HPLC 
(g/L) 
2.99E-03 2.46E-03 2.58E-03 
Concentration of cellobiose from 
HPLC (g/L) 
3.15E-04 - 3.23E-04 
Concentration of Fructose from HPLC 
(g/L) 
8.40E-03 1.48E-03 2.73E-03 
Concentration of Acetic acid from 
HPLC (g/L) 
- 5.77E-03 3.13E-03 
Concentration of anhydroglucose 
from HPLC (g/L) 
8.01E-03 1.63E-02 2.46E-02 
Concentration of DMF from HPLC 
(g/L) 
9.30E-03 3.20E-03 7.13E-03 
Concentration of Formic acid from 
HPLC (g/L) 
- 2.52E-02 1.84E-02 
Concentration of Galactose from 
HPLC (g/L) 
- - 7.08E-04 
Concentration of sorbitol from HPLC 
(g/L) 
- - 2.87E-04 
    
Glucose (uM) 0.60 0.49 0.52 
Cellobiose (uM) 0.03 - 0.03 
Fructose (uM) 1.68 0.30 0.55 
Acetic acid (uM) - 3.46 1.88 
Anhydroglucose (uM) 1.78 3.63 5.47 
DMF(uM) 3.49 1.20 2.68 
Formic acid (uM) - 19.72 14.42 
Galactose (uM) - - 0.14 
Sorbitol (uM) - - 0.06 
Table C3: Raw data of accumulated products formed during cellulose I 
photocatalysis with dialysis membrane bags (green rows) and their 


















Replicate 1 2 3 
Volume of accumulated sample 18 ml 
Concentration of glucose from HPLC 
(g/L) 
4.38E-03 4.45E-03 - 
Concentration of Fructose from HPLC 
(g/L) 
4.14E-03 1.68E-03 2.44E-03 
Concentration of Acetic acid from 
HPLC (g/L) 
5.72E-03 4.46E-03 8.88E-03 
Concentration of anhydroglucose 
from HPLC (g/L) 
3.62E-02 2.90E-02 3.61E-02 
Concentration of DMF from HPLC 
(g/L) 
- - 4.39E-03 
Concentration of Formic acid from 
HPLC (g/L) 
1.34E-01 1.17E-01 2.29E-01 
    
Glucose (uM) 0.88 0.89 - 
Fructose (uM) 0.83 0.34 0.49 
Acetic acid (uM) 3.43 2.68 5.33 
Anhydroglucose (uM) 8.04 6.44 8.02 
DMF(uM) - - 1.65 
Formic acid (uM) 105.25 91.76 178.98 
Table C4: Raw data of accumulated products formed during cellulose II 
photocatalysis with dialysis membrane bags (green rows) and their 














Appendix C: Mixing profile streamline slice 
plots, XY plots and YZ plots of other stirrer 
bars and impeller configurations 
 
 
Figure C 1:Streamline slice plot – Spin ring 
 
 





Figure C 3: YZ plot – Spin ring 
 
 





Figure C 5: XY plot – Cylindrical 
 
 





Figure C 7: Streamline slice plot – Single sided plus 
 
 





Figure C 9: YZ plot - Single sided plus 
 
 





Figure C 11: XY plot – Capsule 
 
 





Figure C 13: Streamline slice plot - Triangular wedge 
 
 





Figure C 15: YZ plot - Triangular wedge 
 
 





Figure C 17: XY plot - Cross head plus 
 
 





Figure C 19: Streamline slice plot – Sphere 
 
 





Figure C 21: YZ plot – Sphere 
 
 





Figure C 23: XY plot - Pivot cylindrical 
 
 





Figure C 25: Streamline slice plot - 4 broad blade impeller 
 
 





Figure C 27: YZ plot – 4 broad blade impeller 
 
 





Figure C 29: XY plot - 8 broad blade impeller 
 
 





Figure C 31: Streamline slice plot – 2 anchors 
 
 




Figure C 33: YZ plot - 2 anchors 
 
 





Figure C 35: XY plot - 4 anchors 
 
 





Figure C 37: Streamline slice plot – 2 H shaped 
 
 





Figure C 39: YZ plot - 2 H shaped 
 
 





Figure C 41: XY plot - 4 inverted anchors 
 
 





Figure C 43: Streamline slice plot - Angled 8-blade Rushton 
 
 






















Appendix D: Actinometry in the SFPR and raw 
data of various products quantified with the 
HPLC 
 
The procedure for preparing all the solutions required for actinometry was the 
same as mentioned in Appendix B, except that the required volumes were 
different as mentioned below. 
 
Actinometry procedure 
Ferrioxalate solution was prepared by dissolving 2.948 g of potassium 
ferrioxalate in 10 ml of 1N H2SO4 and diluting the solution to a final volume of 
100 ml with water in dark. 5.5 ml of this ferrioxalate solution was mixed with 
0.55 ml of 1N H2SO4 and 4.95 ml of DI water and transferred to one frame of 
the SFPR sandwiched between two Pyrex end plates. This frame was then 
placed 3 cm away from the illumination source. Upon illumination, 1 ml sample 
was taken from the SFPR at 1, 5 and 10 minutes of irradiation. The sample 
was then mixed with 0.5 ml sodium acetate buffer solution and 2 ml of 0.1 wt% 
1,10-phenanthroline monohydrate and diluted to 50 ml with water in a dark 
bottle. Upon allowing a 45-55 minutes’ reaction time in the dark, 1 ml of sample 
from each dark bottle was then withdrawn and its absorbance was measured 
using a CARY 300 UV-vis spectrophotometer at 510 nm. 
 
Calculation 
To calculate the photon flux, the number of moles of Fe2+ has to be first 
calculated using equation B1. A, the absorbance value of the sample used in 
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equation B1 was at 5 minutes. Photon flux could then be calculated using 
equation B2, where the illumination time, t was taken as 5 minutes. 
 
Raw data of various products quantified with the HPLC 
Concentration of various products at different sample times as quantified with 
the HPLC and the calculated actual concentration of the respective products 
are shown in the following tables (Table D1, Table D2, Table D3 and Table 
D4). The values given in these tables are the average values obtained from 
triplicates. It has to be noted that the volume of sample collected during each 
sample time was 20 ml, which was concentrated down to 1 ml and then 














































































- - - 
Concentration of 
anhydroglucose 


























































































































































- - - - - - 
4.71E
-04 
- - - - - - - - - - 
Concentration of 
Formaldehyde 














































- - - 
3.49E
-04 
- - - - - - - 
Concentration of 
Glycolaldehyde 













HMF from HPLC 
(g/L) 

























                   
Glucose (uM) 0.20 - - - 0.16 - 0.19 0.11 - - - 0.04 - 0.11 - - - - 
Cellobiose (uM) 0.10 - 0.02 - - - 0.04 0.09 - - 0.02 0.03 0.02 0.06 0.02 - - - 
Fructose (uM) 0.25 0.06 - - - 0.11 0.10 0.15 0.08 0.07 - 0.16 0.07 0.11 0.06 - - - 
Anhydroglucose 
(uM) 
0.32 0.17 0.12 0.09 0.10 0.05 - 0.49 0.06 0.03 0.05 0.12 0.08 0.38 0.06 0.16 0.09 0.22 
D-Galactose (uM) - - - - - - - 0.02 - - 0.04 - - - - 0.06 - - 
Acetic acid (uM) - 0.64 - - 0.37 - - 0.37 0.79 0.54 0.18 0.20 0.18 0.53 0.73 0.67 0.31 0.14 
Formic acid (uM) 6.40 4.85 17.13 - 3.99 13.59 - 4.70 6.16 12.32 2.84 2.79 5.34 3.15 6.35 4.76 5.01 12.95 
Dihydroxyaceton
e (uM) 
0.19 0.08 0.17 0.14 0.15 0.12 0.44 0.11 0.28 - - - 0.14 0.09 0.20 0.12 - - 
DMF (uM) 0.05 - - - - - - 0.20 - - - - - - - - - - 
Formaldehyde 
(uM) 
0.97 0.72 1.35 1.83 0.91 0.99 0.58 1.66 0.86 1.01 1.03 1.72 0.88 1.89 1.46 1.44 0.84 2.11 
Sorbitol (uM) - - - - 0.05 - 0.07 - - - 0.08 - - - - - - - 
Glycolaldehyde 
(uM) 
- - 0.20 - - - - - - - - - - - 0.26 0.15 - 0.18 
HMF (uM) - - - - - - - - - - - 0.36 - 0.63 - - - 0.24 
Xylose (uM) - - - - - - - - - - - - - - - 0.02 - - 
Arabinose (uM) - - - - - - - - - - - - - - - 0.03 - - 
Table D1: Raw data of various products formed during cellulose I photocatalysis in the SFPR with the plus shaped magnetic stirrer 







Time (minutes) 1 2 5 10 15 20 25 30 45 60 75 90 105 120 135 150 165 180 




































Concentration of cellobiose 





























































































Concentration of D-Galactose 
from HPLC (g/L) 





Concentration of Erythrose from 
HPLC (g/L) 
- - - - - - - 
4.59
E-04 
- - - - - - - - - - 
Concentration of Acetic acid 





































Concentration of Formic acid 






































dihydroxyacetone from HPLC 
(g/L) 
















Concentration of DMF from 
HPLC (g/L) 
- - - - - - - - - - - - - - 
2.60
E-04 
- - - 





















Glycolaldehyde from HPLC (g/L) 
- - - - - - - - - - - 
3.56
E-04 






Concentration of Arabinose 
from HPLC (g/L) 
- - - - - - - 
1.49
E-04 
- - - - - - - - - - 
                   
Glucose (uM) 0.13 0.06 0.15 - 0.45 0.09 0.05 0.10 0.23 0.11 0.06 0.14 0.07 0.06 0.12 0.19 - 0.04 
Cellobiose (uM) 0.04 0.02 - - 0.06 - - - 0.02 - 0.06 0.03 - 0.04 0.09 0.03 - - 
Fructose (uM) 0.16 0.08 0.05 0.03 0.26 0.08 - 0.08 0.07 - - 0.12 0.09 - 0.12 0.08 - - 
Anhydroglucose (uM) 0.27 0.22 0.31 0.16 0.38 0.11 0.12 0.09 0.27 0.16 0.23 0.36 0.21 0.37 0.38 0.11 0.22 0.24 
D-Galactose (uM) - - - - - - - - - - - - - - - - 0.03 0.03 
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Erythrose (uM) - - - - - - - 0.15 - - - - - - - - - - 
Acetic acid (uM) 1.04 0.55 0.67 1.09 1.38 0.84 0.86 0.71 1.74 0.79 0.72 1.03 1.36 1.15 1.43 1.19 1.20 1.79 
Formic acid (uM) 15.82 11.92 13.72 18.19 17.62 6.91 9.52 11.72 9.58 19.98 15.51 11.95 11.38 22.08 16.29 18.53 15.34 8.71 
Dihydroxyacetone (uM) - - - - 0.10 0.15 - - - 0.22 - 0.34 - - - - 0.08 0.97 
DMF (uM) - - - - - - - - - - - - - - 0.11 - - - 
L-Sorbitol (uM) 0.04 - - - - - 0.02 0.03 - - 0.03 - - 0.04 0.04 - - 0.06 
Glycolaldehyde (uM) - - - - - - - - - - - 0.24 - - - 0.40 - 0.21 
Arabinose (uM) - - - - - - - 0.04 - - - - - - - - - - 
Table D2: Raw data of various products formed during cellulose II photocatalysis in the SFPR with the plus shaped magnetic stirrer 














Time (minutes) 1 2 5 10 15 20 25 30 45 60 75 90 105 120 135 150 165 180 






- - - - - - - 
1.96
E-04 




Concentration of cellobiose 




- - - - - - - - - - - - - - - - 





































































Concentration of D-Galactose 




- - - - - - - - - - - - - - - 
8.31
E-04 
Concentration of Erythrose from 
HPLC (g/L) 
- - - - - - - - - - - - - - - - - - 
Concentration of Acetic acid 





































Concentration of Formic acid 







































































Concentration of Pyruvaldehyde 
from HPLC (g/L) 
- - - - - - - - - - - - 
1.11
E-04 
- - - - - 
Concentration of DMF from 
HPLC (g/L) 




Concentration of Formaldehyde 


























Concentration of L-sorbitol from 
HPLC (g/L) 
- - - 
1.29
E-04 
- - - - - - - - - - - - - - 
Concentration of 
Glycolaldehyde from HPLC (g/L) 







                    
Glucose (uM) 0.12 0.32 - - - - - - - 0.04 - - - - - 0.04 - - 
Cellobiose (uM) - 0.03 - - - - - - - - - - - - - - - - 
Fructose (uM) 0.05 0.25 - 0.07 - 0.04 0.22 0.08 0.20 0.05 - - 0.04 0.08 - 0.10 0.05 - 
Anhydroglucose (uM) 0.08 0.47 0.11 0.14 0.23 0.10 0.12 0.19 0.71 0.13 0.09 - 0.13 0.13 0.11 0.89 0.19 0.38 
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D-Galactose (uM) - 0.12 - - - - - - - - - - - - - - - 0.18 
Erythrose (uM) - - - - - - - - - - - - - - - - - - 
Acetic acid (uM) 0.18 0.84 1.25 0.27 0.93 0.23 1.53 0.40 0.41 0.48 0.63 1.23 0.93 0.38 2.21 0.54 0.82 1.16 
Formic acid (uM) 4.61 12.42 6.60 - 2.61 10.97 7.98 - - 24.67 9.90 12.53 12.20 5.05 8.18 9.85 8.96 7.21 
Dihydroxyacetone (uM) 0.10 0.47 0.10 0.36 0.36 - 0.31 0.58 0.51 0.94 0.27 0.34 0.16 0.53 0.06 0.17 0.10 0.28 
Pyruvaldehyde (uM) - - - - - - - - - - - - 0.06 - - - - - 
DMF (uM) - - - - - - - - - - - - - - - 0.09 - - 
Formaldehyde (uM) 0.80 - 0.75 - - - 0.66 2.64 0.30 - - - 3.26 0.54 1.31 2.21 1.31 1.72 
L-sorbitol (uM) - - - 0.03 - - - - - - - - - - - - - - 
Glycolaldehyde (uM) - - - - - - - - - - - - - 0.27 - 0.18 - - 
Table D3: Raw data of various products formed during cellulose I photocatalysis in the SFPR with the Rushton impeller (green 













Time (minutes) 1 2 5 10 15 20 25 30 45 60 75 90 105 120 135 150 165 180 







- - - - 
3.52
E-04 




Concentration of cellobiose 
from HPLC (g/L) 
- - - - - - - - - - - - - - - - - - 








































































Concentration of D-Galactose 
from HPLC (g/L) 
- - - - 
2.02
E-04 














- - - - - - - - - - - - - - 
Concentration of Acetic acid 





































Concentration of Formic acid 

































































Concentration of Pyruvaldehyde 
from HPLC (g/L) 
- - - - - - - - - - - 
2.91
E-04 
- - - - - - 
Concentration of DMF from 
HPLC (g/L) 




Concentration of Formaldehyde 





























Concentration of L-sorbitol from 
HPLC (g/L) 
- - - - - - - 
1.11
E-04 
- - - - - - - - - - 
Concentration of 
Glycolaldehyde from HPLC (g/L) 




                    
Glucose (uM) 0.18 - 0.15 - - - - 0.08 - - - - - - - - 0.15 - 
Cellobiose (uM) - - - - - - - - - - - - - - - - - - 
Fructose (uM) 0.21 0.31 0.09 - 0.07 0.05 0.04 - - 0.08 - 0.12 0.04 0.07 0.12 0.13 0.41 0.10 
Anhydroglucose (uM) 0.76 0.96 0.59 0.05 0.79 0.09 0.07 0.15 0.12 0.10 0.06 0.29 0.32 0.24 0.50 0.24 0.49 0.17 
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D-Galactose (uM) - - - - 0.04 - - - - - - - 0.04 - - 0.14 - - 
Erythrose (uM) 0.12 - - 0.15 - - - - - - - - - - - - - - 
Acetic acid (uM) 2.48 1.43 0.49 1.68 0.62 0.14 1.43 0.48 0.51 1.75 0.99 2.31 1.16 1.74 2.57 3.94 3.16 3.57 
Formic acid (uM) 33.55 10.65 5.46 10.29 7.75 - 15.43 10.71 6.12 21.92 7.73 7.17 3.39 15.09 12.30 27.55 17.81 24.47 
Dihydroxyacetone (uM) 0.10 - - 0.18 - 0.06 - 0.30 - - 0.16 0.30 0.18 - 0.22 0.42 0.10 - 
Pyruvaldehyde (uM) - - - - - - - - - - - 0.16 - - - - - - 
DMF (uM) - - - - - - - - - - - - - - - 0.06 - - 
Formaldehyde (uM) 0.87 1.19 - 1.15 - 0.15 0.55 - - 0.94 0.96 - - 1.18 0.43 2.15 1.81 1.66 
L-sorbitol (uM) - - - - - - - 0.02 - - - - - - - - - - 
Glycolaldehyde (uM) - - - - - - - - - - - - - - - 0.16 - - 
Table D4: Raw data of various products formed during cellulose II photocatalysis in the SFPR with the Rushton impeller (green 
rows) and their calculated respective concentration (blue rows). 
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Appendix E: Full text of papers published or 
accepted for publication. 
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